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Title:  Mechanical and deformational properties, and shrinkage cracking 
behaviour of lightweight concretes.  
 
The study reported in this thesis addresses the role of constituent materials of different 
lightweight concrete (LWC) – foamed concrete without aggregate (FC), foamed concrete with 
aggregate (FCA) and lightweight aggregate concrete (LWAC) – on mechanical and 
deformational properties, and shrinkage cracking behaviour both theoretically and 
experimentally.  The present investigation was divided in to three parts for a systematic 
approach to the study.  The main constituent materials of LWC considered in the study include 
filler volume (air and aggregate), filler type or density, fibers, and mineral admixtures.   
The first part of the work focused on understanding the role of constituents on 
mechanical properties such as compressive strength, tensile strength, modulus of elasticity, 
fracture toughness and stress-strain behaviour.  Particular emphasis has been given to study the 
effect of w/c ratio on air-void system of FC and their effect on mechanical properties through 
experimental and numerical analysis.  The effects of filler volume, filler type and fiber on 
fracture toughness, strength, and modulus of elasticity of FC, FCA and LWAC were tested.  
The results indicate that the air-void system with a spacing factor of about 0.05 mm, average 
air-void size of lower than 0.15 mm and air content of 40%, were collectively found to be 
optimal for different w/c ratios at which foamed concrete with high strength to weight ratio can 
be achieved.  The air-void system and w/c ratio control the mechanical properties of FC.  Use 
of higher volume of lightweight aggregate (LWA) is not beneficial in improving the fracture 
toughness of LWAC, due to its porous nature.  The performance of fibers in improving the 
toughness of FC is found to be as good as that in LWAC.  The modulus of elasticity of LWA 
with different density is observed to be 60 to 90% lower than the modulus of elasticity of 
normal weight aggregate (NWA).  The adequacy of some of the familiar relationships for 
 ix
predicting the tensile strength, modulus of elasticity and fracture toughness has been critically 
examined and suitable expressions are suggested, to cover FC strength ranging from 2 to 60 
MPa, in comparison with LWAC and normal weight concrete (NWC).    
 The second part of the work focused on understanding the role of constituents on 
deformational properties such as drying shrinkage and creep of concrete.  Since FC of higher 
strengths are relatively new; the autogenous shrinkage of FC in comparison to LWAC and 
NWC was also briefly studied.  The results indicate that for the equivalent mixture proportions 
but for the change of filler type (air, LWA and NWA), FC shows highest autogenous shrinkage 
followed by NWC and LWAC.  Air content was found not to affect the autogenous shrinkage 
of FC much, but it significantly affects the drying shrinkage and creep of FC and FCA.  The 
drying shrinkage and creep of FC can be controlled by adding aggregates.  The drying 
shrinkage and creep of LWAC decrease with increase in aggregate density and volume.  For 
equivalent mixture proportions but for the change of filler type, long term drying shrinkage and 
creep of LWAC is higher than NWC.  FC shows higher creep followed by FCA and LWAC of 
comparable modulus of elasticity of concrete.  The dying shrinkage and creep of LWC can be 
controlled with use of low w/c ratios and mineral admixtures.  Different shrinkage and creep 
prediction models found in literatures were verified against the FC, FCA and LWAC.   
Finally, shrinkage cracking behaviour of LWCs were evaluated though experimental 
and theoretical analysis.  The restrained ring test was adopted to evaluate the cracking potential 
of LWC with and without aggregates.  The results of these tests are presented and discussed, 
and the implications on the selection of constituent materials, and their influence on potential 
risk of shrinkage cracking have been addressed.  The results indicate that use of lower air 
contents and higher aggregate volumes in FC are favorable in lowering the potential of 
shrinkage cracking.  It was found that the use of LWA as filler in FC is more effective in 
controlling the shrinkage cracking of FC than sand.  The use of higher volumes of aggregate, 
higher density aggregates (stronger aggregate) and low w/c ratio helps to mitigate the potential 
 x
risk of shrinkage cracking in LWAC.  The tensile strain at cracking of LWAC (~213 µε) is 
twice that of NWC (~100 µε) and it is independent of the age of cracking.  The shrinkage 
cracking potential of foamed concrete with and without aggregate is higher than both LWAC 
and NWC.  Both experimental and theoretical analysis collectively shows that it is essential to 
control the shrinkage rates of concrete to control the shrinkage cracking problem.  The use of 
fibers, mineral admixtures and prolonged age of curing are also effective in controlling 
potential risk of shrinkage cracking in LWC.  The shrinkage cracking behaviour of FC and 
FCA in comparison with LWAC has been evaluated.  The key parameters and constituents 
needed to control or mitigate the shrinkage cracking of LWC for given geometry have been 
discussed and possible guidelines have been suggested.   
Key words: foamed concrete, lightweight aggregate concrete, air-void system, fracture 
toughness, tensile strength, modulus of elasticity, shrinkage, creep, tensile stress and shrinkage 
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CHAPTER 1 
INTRODUCTION  
1.1 Background  
 
Today, concrete is the most widely used construction material worldwide in various 
applications.  In spite of its ancient origin in 9000 years ago, the real development of concrete 
technology came only in early 1960’s when superplasticizer was first introduced in concrete as 
admixture in Japan and West Germany.  Since then, a great variety of chemical and mineral 
admixtures have emerged which are now commercially available and they have brought 
significant changes in fresh and hardened concrete properties and resulted in taller, massive and 
more cost-effective structures in concrete construction.  Cementitious concrete composites are 
construction materials that can be used even for the structures that are required to perform 
under very severe environmental conditions such as marine, freeze and thaw, etc.  The adverse 
nature of such an environment leads to the deterioration of the concrete which limits the 
structural performance.  To improve the long term durability and to do repairs effectively, 
engineers and researchers must know the fundamentals of how concrete behaves in its 
surrounding environment and researchers must develop new materials that are capable of 
withstanding both the mechanical and environmental loadings.  Accurate testing and evaluation 
procedures must also be developed, based on a fundamental understanding of the material 
behavior, to assess how these materials will perform in service.    
Lightweight concrete (LWC) is a versatile material that has created great interest and 
large industrial demand in recent years in wide range of construction projects, despite its known 
use dates back over 2000 years.  LWC is a concrete which by one means or another has been 
made lighter than conventional (normal weight aggregate) concrete.  LWC encompasses two 
main categories of concrete, one in which air and the other in which lightweight aggregate 
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(LWA) is introduced into concrete to reduce its density.  LWC has not only been further 
classified into sub-categories based on compressive strength and density but method of 
production have also been used to differentiate the LWC, as summarized by Wee (2005), 
presented in Fig. 1.1.    
The most obvious advantage of LWC is its lower density that results in reduction of 
dead load, faster construction rates and lower handling costs.  The weight of a structure in 
terms of loads transmitted to the foundations is an important factor in design particularly in the 
case of tall buildings or heavy structures where the bearing capacity of the soil is very weak.  
Moreover, the higher strength to weight ratio is very advantages particularly in floating and 
offshore structural applications.  The other important characteristic of LWC is its relatively low 
thermal conductivity, a property which enhances with decreasing density.  Due to increasing 
cost and scarcity of energy resources, in recent years, more attention has been given to thermal 
conductivity to improve the efficiency of equipments, safety and comfort for humans.   
  Due to the inherent advantages of LWC, various LWC structures, ranging from low-
rise bungalow to multi-storey buildings (One Shell Plaza Building, Houston, USA; BMW 
Central Administrative Building, Germany), bridges (Stolmen Bridge, Norway) and flyovers to 
marine and offshore structures (Heidrum Tension Leg Plat from at Heidrum field of the North 
sea) can now be found in many parts of the world.  ACI Committee 213 has given a 
comprehensive summary of the major structural applications of lightweight aggregate concrete 
(LWAC) and its future application potentials.  As discussed, many applications of LWC have 
already been reported.  Further growth on a much wider scale is anticipated in the near future 
because it offers cost effective solutions in a variety of structural applications.   
1.2 Need for the research 
Unfortunately, the South East Asian region where we belong is yet to experience large-
scale structural applications of LWC with and without aggregates.  There are two main reasons 
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for LWC not being so popular here.  First, there is a general lack of understanding on the 
production technique of this material, which requires greater skills and technology back up than 
ordinary normal weight concrete (NWC).  Secondly, lack of understanding on the role of 
constituent materials (such as filler type and volume, density, fibers, mineral admixtures, etc) 
and its structural and serviceable performance information available locally on this material to 
provide adequate guidance and confidence to the designers.  
A recent addition to the scope of structural LWC is the development of foamed 
concrete with high compressive strength of 40 MPa and fresh density of 1600 kg/m3 and above.  
This new LWC is basically produced using low water to cement or cementitious materials ratio 
and air in the form of preformed foam.  Foamed concrete is lighter, simple to use, economic yet 
more environmentally sustainable (Jones and McCarthy 2005) and it has the ability and greater 
flexibility to achieve a wide range of concrete densities (300 to 2000 kg/m3).  The commercial 
demand for this special LWC has been increasing worldwide in a variety of non- and semi-
structural applications in recent years and its potential use and performance as a structural 
material are being investigated by many research groups lately.     
The mechanical properties of concrete are important since these are inextricably 
connected with the design and long-term performance of concrete structures.  The development 
of shrinkage cracks also depends on many mechanical properties in addition to deformational 
properties.  The deformational properties such as shrinkage and creep of concrete has great 
influence on the development of cracks in concrete members which are restrained and also 
causes loss of pre-stress in pre-stressed concrete members.  On the practical side, designers 
require more accurate relationships and improved methods of predicting structural 
deformations.  The interaction between the mix constituents such as fillers (aggregates, air, etc.) 
and matrix is also a continuing field of study, with implications for concrete deformability.   
Moreover, shrinkage cracking can be a serious problem in concrete structures.  It has 
become evident that cracks can be problematic because they accelerate the penetration of 
aggressive agents into concrete, thereby accelerating the corrosion of reinforcing steel (Wang et 
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al. 1997; Schiessl 1998).  Increased susceptibility to environmentally induced cracking is of 
particular concern in large flat structure such as highways, bridge decks and industrial floors 
because these structures typically have a high rate of shrinkage and are frequently exposed to 
high concentrations of corrosive agents (Weiss et al. 2000).  Therefore, to improve the 
durability and long-term performance, concrete with lower risk of shrinkage cracking is 
essential.   
There are few reports (Swamy et al. 1979; Carlson and Reading 1988; Grzybowski and 
Shah 1989; Kovler 1994; Shah et al. 1998; See et al. 2003) that studied the shrinkage cracking 
behaviour of normal weight concrete (NWC), however, the shrinkage cracking behaviour of 
LWC may not be expected to be the same because for a given mixture proportion, the variation 
of filler types (LWA or air) and filler volumes may influence the above properties including 
shrinkage cracking behaviour significantly due to the wide variations of filler properties.  
Unfortunately, to date, the data reported on shrinkage of LWAC by different researchers 
strongly (§2.6.4) evident that various LWA usually result in very different behaviour as far as 
shrinkage is concerned.  The lack of literature on mechanical, deformation and shrinkage 
cracking behaviour of LWC with and without aggregate also evident (Chapter 2) that despite 
the increased use of LWC on different applications worldwide very little information has been 
reported on this subject.   
Therefore, it is essential to understand mechanical, deformation and shrinkage cracking 
behaviour of LWC by considering the influencing parameters for achieving concrete with lower 
potential of cracking.  There are endless possibilities for meaningful research in the field of 
LWC with and without aggregate when we consider the diversity of the sources from which the 
LWA may be obtained together with the different type of LWC and the various choices that are 
available within each type (LWAC, foamed concrete without aggregate – FC and Foamed 
concrete with aggregate – FCA).  The present study covers LWC without aggregate (FC) and 
LWC with aggregate (FCA and LWAC) using LWA available in this region. 
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Shrinkage cracking of concrete is not an independent parameter which can be tested 
directly to understand the behaviour.  It is dependent not only on the magnitude and rate of 
shrinkage but also on the materials properties such as modulus of elasticity, creep, tensile 
strength and fracture resistance, and degree of restraint and structural geometry, which are 
summarized in Fig. 1.2.  It can be observed that to understand the shrinkage cracking behaviour 
of concrete, the need to understand the mechanical and deformational properties are important.   
  Therefore, this study was undertaken to comprehensively understand the mechanical 
and deformation properties, and shrinkage cracking behaviour of lightweight concrete with and 
without aggregate which are of paramount importance for the durability and serviceability of 
structures.  The scope of work covered in this study contributes to an important aspect of the 
comprehensive study “Development of High Strength Lightweight Concrete with and without 
Aggregates” that is being researched elaborately at the National University of Singapore.   
1.3  Objectives and Scope  
  In view of the discussion in the preceding section, the main objective of this study is 
directed towards investigating the mechanical and deformation properties, and shrinkage 
cracking behaviour of LWC with and without aggregate comprehensively by considering the 
affecting constituent materials and parameters.  The LWC are particularly produced with the 
LWA available in this region.  The effort is focussed mainly to provide useful information to 
structural designers, precast developers, practice engineers and construction industry on LWC 
with and without aggregate in comparison with conventional NWC which has been quite 
extensively used in this region.  The flowchart of the current PhD work is shown in Fig. 1.3.  
The study has been divided into three categories with distinct objectives as follows:  
(1)  The first objective is focussed on understanding the mechanical properties (behaviour) of 
LWC, with special emphasis given to the i) air-void system of foamed concrete and ii) fracture 
toughness of LWC.  The filler type (aggregate or air), filler volume, fibers and mineral 
admixtures will also be considered in understanding its effect on mechanical properties of 
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LWC.  As foamed concrete with and without aggregate is relatively a new concrete, the 
correlation between mechanical properties and fracture behaviour of FC and FCA in 
comparison with LWAC and NWC will also be critically examined.   
(2)  The second objective is focussed on understanding the deformational properties (shrinkage 
and creep) of LWC, with special emphasis on the effect of filler (air or LWA) volume and filler 
type on the shrinkage and creep behaviour of LWC.  The effect of w/c ratio, age of curing, 
fibers and mineral admixtures on shrinkage of LWC will also be investigated to understand 
how effective these are in controlling the shrinkage. The correlations between the 
deformational properties of FC and FCA in comparison with LWAC and NWC, and the 
shrinkage and creep prediction models will also be evaluated.   
(3)  The third objective is focussed on understanding the shrinkage cracking behaviour of LWC 
for assessing its cracking potential.  This is to achieve developing concretes with lower risk of 
shrinkage cracking by understanding the tensile stress development and its effect on the age of 
cracking through experimental and theoretical analysis.  The restrained ring test specimen will 
be used in the experimental evaluation.   
1.4  Organization of the thesis 
  This thesis is divided into six chapters, the details of which covered in the respective 
chapters are as follows:   
  Chapter 1 introduces the problem with a brief history of the development and 
applications of LWC, identifies the need for the research, and enumerates the main objective 
and scope of the work reported herein.   
  Chapter 2 provides a review of existing literature dealing with mechanical and 
deformational properties and shrinkage cracking of LWC.  A brief review of restrained 
shrinkage cracking and shrinkage mechanisms are presented.  Review of restrained shrinkage 
cracking assessing methods is also provided.   
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  Chapter 3 provides a general description of the typical material properties and mixture 
proportions used in this investigation.  Details of the testing procedures and results of various 
mechanical properties are presented.  The effect of w/c ratio on air-void system of foamed 
concrete and their effect on mechanical properties through experimental and numerical studies 
are also presented.  The relationships between the mechanical properties of foamed concrete in 
comparison with LWAC and NWC, by the use of extensive test data from this study and from 
the literature, are also deliberated in this chapter.   
  Chapter 4 provides the results of various shrinkage and creep properties of LWC.  
Brief results on autogenous shrinkage of foamed concrete in comparison with LWC and NWC 
are also presented.  The drying shrinkage and creep properties of foamed concrete with and 
without aggregate and LWAC in comparison with NWC are also discussed.  The shrinkage and 
creep prediction models found in literature have been verified for the foamed concrete.   
  Chapter 5 provides the results on shrinkage cracking potential of LWC.  Details of the 
restrained ring test and experimental results of foamed concrete in comparison with LWAC are 
covered.  The details of theoretical analysis on the evaluation of shrinkage cracking of concrete 
by making use the mechanical and deformational properties data are discussed in comparison 
with the experimental restrained shrinkage cracking results.   
  Chapter 6 summarizes the major findings of this study and the recommendations for 
further investigations.   
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 Generally, concrete under goes volumetric changes when it is exposed to environment, 
depending mainly on relative humidity, temperature, size of the member and characteristics of 
the mix proportions.  These volumetric changes are basically classified into two broad 
categories: thermal shrinkage (due to temperature reduction and chemical reaction) and drying 
shrinkage (due to moisture loss).  Thermal shrinkage is not significant in thin concrete members 
however drying shrinkage is significant, and occurs more rapidly.  When concrete is restrained 
from shrinking tensile stresses develop which may result in cracking of concrete.  It should be 
noted that in real life the structural elements of hardened concrete are always under restraint, 
usually from sub-grade friction, adjacent members, reinforcing steel, or even from differential 
strains between the exterior and interior of the concrete.  Cracks thus formed reduce the load 
carrying capacity of the concrete member.  It also causes corrosion of steel reinforcement, 
increase the probability of alkali silica reaction and sulfate attack, and cause other durability 
problems, resulting in increased maintenance costs and reduced service-life.  Thus minimizing 
or controlling shrinkage cracking, as well as delaying the age of visible cracking in concrete 
elements are substantially important to overcome the causes of cracking.   
2.2 Cracking in concrete 
Cracks may be caused by many different situations and may range from very small 
internal micro-cracks that occur on the application of modest amount of stress to quite large 
cracks caused by undesirable interactions with the environment, poor construction practices or 
errors in structural design and detailing, which can be caused by structural and non-structural 
effects.    
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Plastic shrinkage cracking:  Plastic shrinkage cracking occurs when the evaporation of 
moisture from the surface of fresh concrete is too rapid to be replaced by bleed water.  Upon 
drying, the shrinking of the surface concrete and the restraint from the concrete below the 
surface results in the development of tensile stresses in the weak stiffening fresh concrete.  
These tensile stresses are the initiators of shrinkage cracking in fresh concrete.  Generally, 
plastic shrinkage cracks are shallow cracks of varying depths and are often fairly wide at the 
surface.  To prevent plastic shrinkage cracking, the differential volume change in the plastic 
concrete needs to be reduced. 
Settlement cracking: Settlement cracking occurs, in fresh concrete when concrete is 
locally restrained by reinforcing steel, above and parallel to reinforcing bars near the surface of 
concrete, or formwork, during consolidation.  Some of the measures to reduce settlement 
cracking are sufficient vibration (and revibration), adequate form design, provision of time 
interval between different placements of concrete, increase in concrete cover and the use of 
concrete with highest possible slump.   
Drying shrinkage cracking: Drying shrinkage can be defined as the time-dependent 
linear strain at constant temperature measured on an unloaded specimen that is allowed to dry.  
Typically, normal weight concrete in structure has a final shrinkage strain of 600x10-6 strain, 
which is higher than the inherent tensile-strain capacity of concrete of 150x10-6 strain or less 
(ACI 224 2001).  If this concrete member is restrained by either the foundation, adjacent 
structure elements, or the reinforcing steel embedded in the concrete, cracks will occur.  When 
the internal tensile stresses exceed the tensile strength of the concrete, drying shrinkage 
cracking occurs (Fig. 2.1).  This effect is particularly significant in structures with high surface 
to volume ratio, such as highway pavement, industrial floors, parking garages, and bridge decks 
(Wiegrink et al. 1996).   
Thermal cracking: Thermal stresses develop when temperature gradient occurs within 
the concrete member.  Uneven heat dissipation rates of cement hydration or changes in ambient 
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temperature may lead to a difference in temperature between portions of concrete structure.  As 
a result, differential volume changes may occur.  When the developed thermal stresses exceed 
the tensile stress capacity of concrete, cracking will occur.  Temperature differential due to heat 
dissipation is normally associated with mass concrete such as large columns, piers and dams.  
For flat structures such as highway pavement, industrial floors, parking garages, and bridge 
decks, thermal shrinkage is not significant.   
2.3 Mechanism of shrinkage cracking 
 Concrete can be expected to crack when the tensile stress (i.e., shrinkage related tensile 
stresses) exceeds the tensile strength of concrete (Fig. 2.1).  However, this does not happen in 
practice due to the effects of creep.  Creep can be thought of as a time-dependent deformation 
associated with sustained loading.  When specimen is loaded there is an initial elastic 
deformation, which increases over time due to creep.  However, on unloading the specimen 
certain portion of elastic deformation and creep are recovered whereas some permanent 
deformation due to creep exists in specimen (Fig. 2.2).  In practice, fortunately, the tensile 
stress developed due to restrained shrinkage in concrete element is lower than that predicted by 
Hooke’s law.  This beneficial reduction in stress can be attributed to the fact that a concrete 
element which is subjected to a given displacement experiences a reduction in stress over time 
(Mehta and Monteiro 1997).  This phenomenon is called stress relaxation.  This is very similar 
to the creep phenomenon described earlier.  Though different, these terms are often used 
interchangeably in the concrete literature.   
 Similarly, it follows that if the strength of concrete is always greater than the developed 
stresses, no cracking will occur.  Thus under restraining condition present in concrete, the 
interaction between strength of concrete, tensile stress induced by shrinkage, and stress relief 
due to creep relaxation is at the heart of deformations and cracking in most structures (Mindess 
et al. 2003).   
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As concrete is a heterogeneous material whose properties depend both on the properties 
of the individual components and their compatibility, therefore, in order to design and produce 
LWC with required properties, the properties of the individual components should also be 
considered.  The strength properties (tensile strength and fracture resistance), shrinkage and 
creep are responsible for shrinkage cracking which depends on the behaviour of concrete 
affected by its constituents.  Furthermore, shrinkage cracking is a complex phenomenon that 
depends on many factors: the magnitude of shrinkage, rate of shrinkage, stress relaxation, 
degree of structural restraint, the size/ geometry of the structure and age-dependent material 
property development (Weiss et al. 2000; Shah et al. 1998; Igarashi et al. 1999). 
Therefore, a literature review on mechanical properties of the LWC with and without 
aggregate is first given below followed by deformational properties (shrinkage and creep) and 
shrinkage cracking.  This review is limited to two lightweight concretes, one is foamed 
concrete (FC) with and without aggregate and the other is LWAC which are of the present 
interest.   
2.4 Mechanical properties of LWC 
2.4.1 Foamed concrete (FC) 
In the case of LWC, density of concrete will affect the properties including the 
compressive strength.  Because the density of FC is determined by the void content, Hoff 
(1972) suggested that the strength could be expressed as a function of void content which is 
sum of the induced voids and the volume of evaporable water.  Pore structure of the air pores 
and mechanical condition of pore voids have a significant influence on the compressive 
strength of FC.  A stable and preferably spherical cell structure is vital for optimum structural 
and functional properties (Narayanan and Ramamurthy 2000).  Guo et al. (1996) also pointed 
out that uniformly distributed close fine pores would result in higher strength of cellular 
concrete.  Many researchers reported the effect of mix proportions on compressive strength of 
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FCs with compressive strength and fresh concrete densities of about 20 MPa and 1900 kg/m3, 
respectively (Valore 1954; ACI 523 1987; McCormick 1967; Tam et al. 1987).   
In the last decade, aerated concretes have been produced with high compressive 
strength of 40 MPa and fresh density of 1600 kg/m3 and above.  Fujiwara et al. (1995) 
developed high strength FC with compressive strength of up to 50 MPa using low water to 
binder ratio of 0.19, silica fume and ultra-fine silica powder as supplementary cementitious 
materials.  By adopting Furnas’ (Furnas 1931) finding that when mixing a powder containing 
particle sizes of 1:200 (silica fume:cement), the further addition of a third powder having an 
intermediate particle size increases the densification effect and concluded that when using 
cement with mean particle size of 20 µm and silica fume with mean particle size of 0.1µm, 
ultra-fine silica stone powder having a mean particle size of 2.4 µm is suitable to be used 
together with them as the binder material to produce a paste with higher strength.  Kearsley 
(1999), on the other hand, developed high strength FC with compressive strength of up to 60 
MPa, using low water to binder ratio of 0.3 and high volumes of up to 75% of un-classified fly 
ash.   
Kamaya et al. (1996) pointed out that using mineral admixtures having specific surface 
area less than 7500 cm2/g as partial replacement of cement in FC will lead to lower 
compressive strength.  Kearsley and Visagie (1999) reported that for FCs with same porosity, 
the one containing voids that are more uniform in size has higher compressive strength.  They 
reported that the use of 50% cement replacement with unclassified fly ash, of which around 
40% of the particles have diameters exceeding 45 µm, had no reduction in 28 day compressive 
strength.  Furthermore, they observed that when 50% cement was replaced by unclassified fly 
ash, 40˚C tended to be the optimal temperature for the highest ultimate strength.  In all these 
studies, high strength FC was achieved by making the higher strength of paste before the 
introduction of foam.  The cube compressive strength versus fresh concrete density results 
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reported in literature for FC with and without aggregates, and LWAC summarized recently by 
Wee (2005) are given in Fig. 2.3 (a) and Fig. 2.3 (b), respectively.   
The direct tensile strength of cellular concretes, both autoclaved and moist cured, lies 
between 15 to 35 % of the compressive strength as reported by Valore (1954), while 10 to 15% 
was reported by Legatski (1978).  The percentage is higher as the mix density and hence 
compressive strength are lower.  The ratio of flexural to compressive strength varies from 0.22 
to 0.27.  For very low density aerated concretes the ratio of flexural strength to compressive 
strength is almost zero (Narayanan and Ramamurthy 2000).   
The modulus of elasticity of moist cured FC with sand were much higher in relation to 
compressive strength, than those for autoclaved aerated materials, apparently because of the 
presence of higher proportions of non reactive aggregate which contributes to elasticity but not 
to strength of moist cured materials (Graf 1949).  Widmann and Enoekl (1991) reported the 
stress-strain behaviour of FC for 800 kg/m3 dry bulk density and showed that independent of its 
bulk density, it behaved purely quasi elastically up to deformation of about 2% strain and then 
fails in brittle mode, which is probably caused by the stability breakdown of the thin pore walls 
of the cement stone.   
2.4.1.1   Air-void system  
 Generally, air-void which governs the porosity of FC is considered to have a significant 
effect on compressive strength of the concrete (Hoff 1972; Odler and Robler 1985).  As it is 
possible to have concrete of different air-void sizes with the same porosity and in the same 
context, same air-void sizes with different porosity, Powers (1954) proposed a parameter 
known as spacing factor to characterise the air-void system in concrete.  The relationships 
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L  is the spacing factor which is governed by many pore characteristics such as air 
content, total number of pores, pore size and specific surface area, p the paste content, α the 
specific surface area, A the air content, V the volume of the specimen and N the average number 
of bubbles sections encountered along the unit length of traverse line.   
Thus far, the spacing factor has been the most widely used parameter in normal 
concrete for measuring the air-void system in hardened concrete to determine the durability of 
air-entrained concretes in freeze-thaw environments.  Earlier reports on air-entrained concretes 
with typical air contents up to 10% was used to study the influence of silica fume, 
superplasticizers, air-entraining agents, cement characteristics, type of mixing, retempering and 
temperature on the stability of the air-void system (Pigeon et al. 1989 and 1990; Saucier et al. 
1990 and 1991).  They reported the relationships between spacing factor and time of sampling, 
stability index, air content and specific surface area.  The recent study on air-void stability in 
self-consolidating concrete also reported the relationships between spacing factor and specific 
surface area, air content, slump flow and rheological properties (Khayat and Assaad 2002).   
The effect of air void size on compressive strength of aerated concrete was reported by 
several researchers earlier.  Schober (1992) studied autoclaved aerated concrete (AAC) for the 
bulk densities ranging from 354 to 380 kg/m3.  He reported that the AAC sample with an air-
void size of 0.59 mm showed 19% higher compressive strength than the other air-void sizes 
ranging from 0.72 to 1.08 mm.  He concluded that size and size distribution of air pores in 
AAC do not have significant effect on the compressive strength for AAC with air-void size 
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ranging from 0.72 to 1.08mm.  The importance of air-void size on producing higher strength 
FC was also highlighted earlier by Kearsley and Visagie (1999) and Toshio et al. (1991).   
When the concrete is fully compacted, its compressive strength is inversely 
proportional to the w/c ratio.  However, the strength of FC is affected by the w/c and air to 














     (2.4) 
where fc is the strength, c, w and a are the absolute volumes of cement, water and air 
respectively and K and n (2 for NWC) are empirical constants.   
From equation 2.4, it can be deduced that the increase of any or both of these w/c or a/c 
ratios may result in lower compressive strength.  However, these reports did not consider the 
w/c ratio effect on air-void system and their effect on mechanical properties of FC.   
2.4.2 Lightweight aggregate concrete (LWAC) 
The compressive strength of LWAC is determined by the characteristics of the 
lightweight aggregate, while the strength of NWC depends on the characteristics of the mortar 
matrix.  This phenomenon is explained through the difference in failure planes for concretes 
under compressive loading; for the former fracture passes through the aggregates which are 
softer and weaker than the cement paste, whereas for the latter it passed around the aggregates 
along the weak interface zone as shown in Fig. 2.4.   
LWAC is expected to manifest a more obvious monolithic behaviour than NWC.  This 
is due to the lower modulus of elasticity of the LWA which causes a smaller difference 
between its value and that of hardened cement paste.  However, it also means that LWAC has 
lower modulus of elasticity and compressive strength than NWC.  Failure in LWAC is rapid 
because the aggregates are not efficient crack arrestors, unlike granite aggregates.  Another 
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explanation for monolithic behaviour is the increased aggregate-paste bond strength due to the 
rough and porous surfaces of LWA; water penetrates the surface pores of the LWA, eliminating 
the weak interface zone between aggregate and paste.  Cement paste can also penetrate the 
surface pores which provide good mechanical interlocking (Zhang and Gjorv 1990).  In NWC, 
the aggregate-paste interface is the weakest link, because of the existence of bond cracks 
caused by bleeding, usually on the lower side of the aggregate, as reported by Neville (1997).  
The flexural and splitting tensile strength to compressive strength ratios of about 6 to 15 % and 
10 to 30% was reported for moist cured LWAC (ACI 213 2003).   
The modulus of elasticity of LWAC varied very widely due to the variation of modulus 
of elasticity of aggregates from diversified sources.  The modulus of elasticity of LWAC in 
most cases is lower than NWC due to the presence of low modulus of elasticity of porous 
materials (Neville 1997).  The stress-strain behaviour reported by Slate et al. (1986), and Zhang 
and Gjorv (1991) for LWAC indicating that the ascending part of the stress-strain curve for 
high strength concretes is more linear than low to medium strength concrete.  The unstable 
descending parts of the curves were not measurable due to the abrupt failure of the specimens.   
Improvements in flexural strength and ductility of LWAC with the introduction of 
alkali-resistant glass fibers were observed by Mirza and Soroushian (2002).  They also 
concluded that glass fibers are highly effective in controlling shrinkage cracking, and as a 
result, enhance the serviceability and durability characteristics of LWC.  Kayali et al. (2003) 
found that compressive strength and modulus of elasticity were not significantly affected by the 
inclusion of polypropylene fibers, but there was a marked increase in splitting tensile strength 
and modulus of rupture.   
Balaguru and Dipsia (1993) found that hooked end steel fibers did not increase 
compressive strength of structural grade LWAC significantly; the increase in modulus of 
elasticity was much more significant than the increase in compression strength, while splitting 
tensile strength had a better improvement than flexural strength. More importantly, higher fiber 
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content led to a consistent increase in ductility.  According to Balendran et al. (2002), who 
reinforced LWAC using straight steel fibers, there was little effect on compressive strength but 
the toughness, modulus of rupture and splitting tensile strength improved remarkably.  
Enlarged end steel fibers were used by Kayali et al. (2003) in LWAC; modulus of elasticity and 
compressive strength decreased slightly.  However, at a 1.7 % volume fraction, the splitting 
tensile strength and modulus of rupture were approximately doubled.  There are well 
established reports available on mechanical properties of LWA concrete with LWAs from 
Europe, Germany and United Sates of America (Shideler 1957; FIP Manual 1983; Slate et al. 
1986; Zhang and Gjorv 1991; Curcio et al. 1998; ACI 213 2003).   
2.5 Fracture parameters  
Fracture mechanics has recently become a popular tool that can be used to provide a 
method that quantifies brittleness, post-peak behavior, strain localization, and effect of 
specimen size (Shah et al. 1995; Bazant and Planas 1998).  Concrete is typically classified as a 
quasi-brittle material since it demonstrates stable pre-peak crack growth and a strain-softening 
post-peak behavior.   
The first attempt to use fracture mechanics in concrete was proposed by Kaplan (1961).  
In this work, linear elastic fracture mechanics (LEFM) was used to demonstrate that the 
flexural strength of concrete was independent of notch length, (i.e., concrete is notch 
insensitive).  Later work by Gulckich (1963) and Shah and McGarry (1971) showed that the 
failure of concrete is quasi-brittle in nature due to the development of a failure zone (fracture 
process zone).  This fracture process zone has been considered by modifying Griffith’s energy 
approach to incorporate pre-peak cracking.  Classical linear elastic materials exhibit a linear 
load vs crack mouth opening displacement response (CMOD) up to peak.  Concrete is however 
quasi-brittle material exhibiting non-linear pre-peak behavior.  This non-linearity is attributed 
to crack growth before peak loading.  If this crack growth is not accounted for in the calculation 
of material parameters, significant errors in material values can be obtained.   
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Classical elasticity predicts that the stresses become infinite at the crack tip.  However, 
this never occur and in concrete the regional stresses are reduced though micro-cracking, crack 
branching, aggregate interlock and grain boundary sliding (Fig. 2.5).  All these aforementioned 
mechanisms dissipate energy, creating the inelastic damage zone ahead of the crack tip called 
the fracture process zone.  The size of the fracture process zone is dependent on many factors 
related to the extent of micro-cracking, the ratio of paste and aggregate toughness, the 
tortuosity of the crack, etc.  It is generally accepted that two parameters are required to predict 
the fracture of concrete structures.  Many fracture mechanics models and testing techniques 
applied to concrete were summarized by Shah et al. (1995).   
To characterize fracture toughness of a quasi-brittle material like concrete, the RILEM 
method (1990) of Jenq and Shah which is based on the two-parameter fracture model by Jenq 
and Shah (1985) may be used.  Basically a two fracture parameter model are required: KIc 
(fracture toughness) is a property which characterises the resistance of a material to crack 
propagation, and is usually expressed in terms of stresses (critical stress intensity factor) or 
energy (critical energy release rate) at the tip of the effective crack length ae and CTODc 
(critical crack tip opening displacement) at the tip of the initial notch length ao.  These two 
parameters can be determined from a single test of load-CMOD curve shown in Fig. 2.6, using 
the Ci (initial compliance) and Cu (unloading compliance).  Once KIc and CTODc for a certain 
material have been determined, one can predict the maximum load for any geometry of a 
specimen for that material.  This method has been used in recent years to find out fracture 
parameters of normal concretes (Shah et al. 1998; Weiss et al. 1998 and 2000).  However, this 
RILEM two parameter procedure is specified for evaluating the fracture parameters of plain 
concrete.   
 Useful improvements in the mechanical behaviour of tension-weak concrete (or 
mortar) matrixes can be achieved by incorporating discrete fibers (steel, polypropylene, glass, 
carbon, etc) in the concrete.  Gopalaratnam et al. (1991) summarized the information on 
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fracture toughness of fiber reinforced concrete from the research carried out jointly at different 
laboratories.  In most of the laboratories, load-deflection measurements were used to find out 
the toughness indices as defined in ASTM C 1018-97.  However, the latest ASTM C 1609-05 
comes up with a term “toughness” to evaluate the flexural performance of fiber reinforced 
concrete.  The “toughness” is the energy equivalent to the area under the load-deflection curve 
up to a net deflection of L/150 mm.   
Hengst and Tressler (1983) investigated the fracture behaviour of FC specimens with 
densities ranging from 280 to 720 kg/m3.  It was found that the notched-beam fracture surface 
energies increased with increasing bulk density.  The strength of notched specimens varied as a 
function of the inverse square root of the notch depth indicating that the Griffith criterion of 
failure is applicable.  Similar type observations were also reported for LWAC by Chang and 
Shieh (1996).   
2.6 Shrinkage of concrete  
Shrinkage, after hardening of concrete, is the decrease in concrete volume with time.  
The decrease is due to changes in the moisture content of the concrete and physico-chemical 
changes, which occur without stress attributable to actions external to the concrete; this 
definition includes drying shrinkage, autogenous shrinkage and carbonation shrinkage (ACI 
209 2003).  The converse is swelling which denotes volumetric increase due to moisture gain in 
the hardened concrete.  Shrinkage is an important property besides strength and durability as 
essential concern for the construction of concrete structures.  The importance of shrinkage in 
structures is largely related to cracking.  It is the cracking tendency due to shrinkage that is of 
more concern because the advent or absence of cracking depends not only on the potential 
contraction but also on the extensibility of concrete, its strength, and its degree of restraint to 
the deformation that may lead to cracking.  Generally, shrinkage is classified as plastic 
shrinkage, drying shrinkage, autogenous shrinkage and chemical shrinkage according to their 
natures such as time of occurrence.   
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2.6.1 Autogenous shrinkage  
The term autogenous shrinkage was introduced for the first time in 1934 by Lyman 
(1934) who described it as “It is generally agreed that calcium hydroaluminate comes down as 
a gel, and with the calcium hydro silicate, it will obey the general law of gel formation, and 
contract in volume.  It is convenient to refer to this type of shrinkage as ‘autogenous shrinkage’ 
to distinguish it from others which are due to thermal causes or loss of moisture to air.”  More 
recently, the Technical Committee (Japan Concrete Institute 1998) on Autogenous Shrinkage of 
Concrete reported it as “the macroscopic volume reduction of cementitious materials when 
cement hydrates after initial setting.  Autogenous shrinkage does not include the volume 
changes due to loss or ingress of substances, temperature variation, the external force and 
restraint.”  Although autogenous shrinkage was described as early as the 1930’s it did not 
create significant problem in construction industry until recently since a high w/c was typically 
required to maintain sufficient workability.  This changed however with the developments of 
water reducing and high-range water reducing agents that have permitted common use of low 
w/c mixtures (i.e., < 0.42) and as a result autogenous shrinkage has become a cause of concern.   
Mechanism of Autogenous Shrinkage 
Autogenous shrinkage is caused by self-desiccation as a result of water consumption 
through cement hydration and the formation of fine pores in the cement matrix.  In order to 
understand the mechanism of autogenous shrinkage, it is important to understand the chemical 
shrinkage of cement and process of self-desiccation.   
Chemical Shrinkage: It is recognized fact that in the chemical reaction of cement with 
water, the sum of absolute volumes of dry cement and mixing water is greater than the volume 
of the hydrated product plus the remaining water.  In other words, the solid products of 
hydration have a higher specific gravity than the unhydrated cement materials plus water for 
their hydration.  As a thumb rule, the total chemical shrinkage of 100% hydration is about 6.25 
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ml per 100 g of cement.  Tazawa and Miyazawa (1997) reported that the chemical shrinkage is 
not related to the macroscopic volume change of cement or concrete because the macroscopic 
volume change that occurs concurrently with chemical shrinkage can either be expansive or 
otherwise.  They concluded that the autogenous shrinkage is not proportional to the chemical 
shrinkage and no simple relationship exists between them.   
Self desiccation: The volume of air (or empty pores) generated in the capillaries 
(initially saturated with water) as hydration progresses, is equal to the difference between the 
chemical shrinkage and the autogenous deformation.  If the material is isolated from any 
external source of water, the volume of air will increase as hydration progresses.  The net result 
would be a process of gradual reduction of internal RH of the porous solid with no mass loss 
called self-desiccation.  The reduction in RH induces pressure in the capillary pore water. The 










σ                                                      (2.5) 
where capσ  pressure in capillary pore water (N/m2), γ  surface tension of water (N/m), r  pore 
radius (m), RH  relative humidity (%), R  universal gas constant (8.314 J/mol.K), T  absolute 
temperature (K), mV  molar volume of water (m3/mol).   
Researches have shown that the internal RH of concrete with low w/c ratios may reach 
values as low as 70% (Persson 1998; Loukili et al. 1999).  In other words, this reduction of RH 
is capable of inducing a capillary pressure 7 times higher than that with an internal RH of 95%, 
according to the equation (2.5). 
The few reports available on autogenous shrinkage of LWAC indicates that the 
autogenous shrinkage of LWAC is much lower than normal weight concrete due to the water 
lost internally by self-desiccation of the cement paste being immediately replaced by moisture 
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from the LWA (Kohno et al. 1999).  The use of high porosity LWA has been proposed as one 
method to minimize autogenous shrinkage (van Breugel and deVries 2000; Bentur et al. 2001).  
In these works, the LWA is saturated to various degrees before casting and the aggregate acts 
as a water reservoir to supply water that counteracts the self-desiccation of the paste.  The use 
of LWA in high strength and high performance concretes has been increasing in recent years to 
mitigate the autogenous shrinkage in those concretes (Bentz and Snyder 1999; Aitcin 1999; 
Bentur et al. 2001; Bentz and Jensen 2003; Zhutovsky et al. 2004).   
2.6.2 Drying shrinkage 
Drying shrinkage is by far the most common cause of shrinkage.  Drying shrinkage 
occurs in hardened concrete as a result of water movement.  In concrete reactions, cement and 
water reacts and result in the formation of calcium silicate hydrate gel (C-S-H) with water filled 
spaces.  The size of the pores in the water filled space varies from large capillary pores (> 5 
nm) and smaller voids filled with adsorbed water (0.5∼0.25 nm).  The schematic diagram of 
causes of drying shrinkage of cement paste is given in Fig. 2.7.  As drying occurs, disjoining 
pressures removes adsorbed water from these pores and hydrostatic forces (capillary stresses) 
form a meniscus that exert stresses on the C-S-H skeleton causing the cement paste to shrink.      
One of the most substantial factors influencing free shrinkage is the w/c ratio.  The w/c 
required for complete hydration is typically assumed to be approximately 0.42 depending on 
the amount of gel porosity that is assumed (Neville 1997).  The amount of water has a direct 
influence on the size and magnitude of the porosity (i.e., higher w/c pastes have higher 
porosity).  Therefore, specimens with a lower w/c have a lower amount of pore water and 
consequently exhibit lower drying shrinkage.  Aggregate grading probably does not directly 
influence shrinkage values (Neville 1997), although it should be noted that the use of larger 
aggregates might indirectly result in the use of higher aggregate volumes.  Concrete with a 
higher aggregate volume typically exhibit lower free shrinkage since the aggregate is generally 
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dimensionally stable and acts as hard inclusions restraining paste movements.  Aggregates with 
higher stiffness (elastic modulus) exhibit lower free shrinkage based on the same reasoning.   
Drying shrinkage is said to be the direct cause of cracking in concrete due to its 
significant effect on the total shrinkage deformation of concrete.  Some of the factors that 
influence drying shrinkage in concrete are the porosity and consistency of the concrete (which 
is affected by the w/c ratio, water and cement content and relative volume of aggregate), the 
aggregate properties and external effects such as the relative humidity of the environment, 
drying time, the size/ geometry of the concrete member and also the curing condition.  
Internal relative humidity (RH): The RH of the environment has a major influence on 
the ultimate shrinkage and the rate of shrinkage.  The lower the RH of the surrounding in 
comparison to the internal RH of the concrete, the greater would be the ultimate shrinkage and 
the rate of shrinkage of the concrete (Troxell et al. 1958).  
Drying time: Rapid drying accelerates the volumetric changes of concrete.  As concrete 
can withstand higher tensile strains if the stress is applied slowly, the rate of drying of concrete 
should be controlled in order to prevent early age cracking due to drying shrinkage.  Measures 
to prevent rapid drying include the use of curing compounds, even after water curing. 
Size/ geometry of member: The size and shape of concrete member influences the rate 
of drying of concrete, which subsequently affects the shrinkage rate.  Concrete members with a 
larger surface area-to-volume ratio show higher drying rate.  In other words, for a given 
concrete, the observed shrinkage at a given time decreases with an increase in the size of the 
member.  Upon drying, moisture gradient develops from the surface to the interior of the 
member.  Shrinkage stain is greatest at the drying surface where moisture content is lowest and 
shrinkage strain decreases toward the centre where moisture content is highest.  This gives rise 
to the development of non-uniform self equilibrating internal stresses: tensile stresses at and 
near the surfaces and compressive stresses develop at and near core.  
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Curing: The duration of moisture curing does not have much effect on the ultimate 
magnitude of drying shrinkage.  Research by the California Department of Transportation 
(1963) shows that concrete that was moist-cured for 7, 14 and 28 days before drying started, 
gives the same ultimate shrinkage.  As far as the cracking tendency of the concrete is 
concerned, prolonged moist curing may not be beneficial.  A general recommendation is to 
continue moist curing for at least 7 days (ACI 224 2001) 
Mechanism of Drying Shrinkage 
This section highlights the possible mechanisms of drying shrinkage that are suggested by 
previous researches. 
Capillary tension theory:  Capillary tension theory is dominant for drying shrinkage in 
the RH range of 40-100%.  Water within small capillary pores is partially subjected to the 
surface interactions exerted by the pore walls.  At lower RH, capillary water evaporates to the 
environment by the formation of meniscus, which requires energy.  This phenomenon creates a 
negative pressure in water and subsequently gives rise to compressive stresses in the 
surrounding solid cement paste.  The formation of a meniscus on drying thus subjects the paste 
to compressive stresses, and in turn causes the reduction of pore sizes and decreasing its elastic 
volume (through internal particle rearrangement).  It is considered that the stresses generated in 
response to capillary tension in concrete are governed by the properties of pores: pore volume 
and size distribution.   
Surface tension theory:  Surface tension is responsible for the hydrostatic pressure in a 
drop of liquid.  Similarly, a solid particle is subjected to a mean pressure that is proportional to 
its specific surface area.  The mean pressure, surfaceP , on a solid particle is determined using the 




=                                                                  (2.6) 
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where γ  surface energy (J/m2) and S  specific surface area of the solid (m2/g).  Since C-S-H 
particles have relatively large specific surface, they experience large surface pressure from 
physically absorbed water.  Surface tension and the associated induced stresses are only 
affected by the changes of the amount of water absorbed on the surface of the material, i.e. on 
the surface of the gel particles.  Therefore this mechanism is only applicable in low RH 
environment.  At high humidity, some of the capillary water is outside the range of surface 
forces and the change in the amount of this water will not affect surface tension.  Accordingly, 
it has been suggested that the surface tension mechanism is only operative up to the relative 
humidity of 40% (Wittmann 1976).   
2.6.3 Shrinkage of foamed concrete 
Very few reports discussed about the drying shrinkage of FCs.  Drying shrinkage 
occurs due to the loss of adsorbed water from the material and is significant in cellular 
concretes because of its high total porosity about 40-80% and specific surface area of pores 
around 30 m2/g (Ziembika 1977).  Decrease in air void sizes, along with a higher percentage of 
air voids of smaller size is reported to increase shrinkage.  The drying shrinkage of moist cured 
cellular concrete is high due to the absence of a large volume of restraining aggregate as in 
normal concretes and presence of large volume of voids (Short and Kinniburgh 1978).  For 
cellular cement paste, shrinkage strains are in the region of 0.5 percent and for sand mixes, 
shrinkage strains ranges from 0.06 to 0.3 percent (Valore 1954).  Valore stated that shrinkage 
of moist cured neat cement (cellular or otherwise) is high which is of about ten times the value 
often associated with ordinary concrete.  The higher values are associated with mixes of lower 
densities where the sand content is minimal or absent.   
The time dependence of shrinkage is influenced by material properties, size of 
specimen and environmental conditions.  The drying shrinkage, in most cases, increases if the 
relative humidity decreases.  In the range of higher moisture content (greater than 20% by 
volume), a relatively small shrinkage occurs with loss of moisture, which can be attributed to 
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the presence of more number of large pores which do not contribute to shrinkage (Schubert 
1983).  A structural model by Nielson (1983) described drying shrinkage as a compression due 
to hydraulic vacuum in the pore water.  The capillary tension theory of drying shrinkage of 
porous building materials states that the water in the pore exists in tension and this creates an 
attractive force between the pore walls (Tada 1992).  The moist cured aerated concretes, due to 
slow hydration of fly ash results in loss of adsorbed water from the surface of the unreacted and 
partially reacted particles increases the drying shrinkage to about five times that of the product 
with sand (Narayanan and Ramamurthy 2000).   
 The drying shrinkage values of FC with LWA (FCL) reported by Weigler and Karl 
(1980) increases with increase in air content.  The final shrinkage strain of the lightest FCL of 
the tests (dry density 750 kg/m3) at 20oC and 65% RH was about 0.1% and twice that of 
ordinary concrete with plastic consistency and a w/c ratio of 0.75.  But it was much smaller 
than that of cellular concrete without LWA.  Regan and Arasteh (1990) stated that drying 
shrinkage is a major problem with FC without sand.  The inclusion of an inert aggregate is 
beneficial.  The introduction of haydite (LWA) into the FC lead to more than 30% decrease in 
shrinkage (Kovalenko and Terentyev 1995).   
2.6.4 Shrinkage of lightweight aggregate concrete  
 The very early study on shrinkage of LWAC was by Shideler (1957) on 20 MPa and 30 
MPa compressive strength levels made with different type of LWA.  It was reported that in the 
lower strength level the shrinkage of LWAC is generally higher than that of NWC, and it was 
30% higher than the shrinkage of companion NWC at 6 month, although, at early ages some of 
the LWAC showed less shrinkage than the NWC.  Whereas, in higher strength level the 
shrinkage of LWAC was less than that of NWC at 6 months and at 1 year the shrinkage of 
LWAC was comparable or slightly higher than NWC.  In contrast to Shideler study, Pfeifer 
(1968) reported that the shrinkage of 20 MPa LWAC was in many cases lower than companion 
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NWC, while most of the 35 MPa LWAC had higher shrinkage than companion NWC, and 
shrinkage of the 35 MPa LWAC was greater than the 20 MPa LWAC.   
 Neville et al. (1983) indicated that the concrete made with LWA results in about 5 to 
40% higher shrinkage than normal weight aggregate (NWA), due to the higher moisture 
movement and the lower modulus of elasticity of the former than the latter.  The elastic 
properties of aggregate determine the degree of restraint offered; as the steel aggregates leads to 
shrinkage 1/3rd less, and expanded shale to 1/3rd more, than NWA.  Nielsen and Aitcin (1992) 
investigated the drying shrinkage of LWAC incorporating expanded shale.  Different from 
Neville, they found that the LWAC had 30 to 50% lower shrinkage than the companion NWC 
after 28-day of curing and 56 days of drying.  They attributed this to the presence of water 
inside the aggregate particles.  Likewise Newman (1993) stated that even though the shrinkage 
of all-LWAC is 1 to 1.5 times higher than NWC, LWAC with dense fine aggregates exhibited 
similar shrinkage performance as NWC.   
 Another research conducted by Kayali et al. (1999), on LWAC made with Lytag 
aggregates (sintered fly ash) with a total cementitious materials content of 785 kg/m3, reported 
that the drying shrinkage (about 1000 µε) was nearly twice that of NWC after 400 days, where 
the later had a cementitious material content of 485 kg/m3.  The drying shrinkage performance 
of Lytag aggregate was also investigated by Al-Khaiyat and Hague (1999).  After 6 days of 
curing, the demoulded specimens, exposed to long term drying, resulted in 640 µε of shrinkage, 
which was moderately high at the age of 3 months.  Gesoglu et al. (2004) conducted the 
shrinkage tests on LWAC made with cold-bonded fly ash aggregates.  They concluded that the 
shrinkage strains were higher for concretes incorporating higher quantities LWA and the reason 
given being that the excess water in the mixture was supplied by the saturated LWA.  Zhang et 
al. (2005) studied the shrinkage of LWAC with expanded clay aggregate (Liapor) and NWC.  
Their results showed that, for similar mix proportions, the shrinkage of NWC was higher than 
LWAC in the first 6 months, whereas after 1 year NWC had lower shrinkage than LWC.  
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According to the published information on shrinkage of LWAC (Nielsen and Aitcin 1992; 
Newman 1993; Kayali et al. 1999; Gesoglu et al. 2004; Zhang et al. 2005), it is strongly evident 
that various types of LWA usually result in very different behaviour as far as shrinkage is 
concerned.   
2.7 Creep of concrete 
 Creep in concrete differs from the creep that is commonly observed in other structural 
materials because it occurs at room temperature under service load conditions.  Relaxation is 
deformation under constant strain.  They are frequently used interchangeably to describe the 
same phenomena in concrete literature since they describe a similar phenomenon.  Creep, like 
shrinkage, can be divided into two categories that are dependent on moisture history: basic 
creep and total creep. Basic creep describes the creep that occurs under a sustained load without 
changes in the water content of the specimen whereas the term total creep describes the creep 
that occurs under a sustained load when water loss is permitted although free shrinkage 
displacements (movement of an unloaded specimen during drying) are removed (i.e., total 
creep includes basic creep and moisture related creep effects).  Although many more 
distinctions are frequently made when material models are discussed, structural applications 
typically refer to the combination of these factors simply as creep or total creep.  Muller (1992) 
provided a summary and comparison of these models in which it is shown that the summation 
model is typically more accurate for specimens loaded at early ages, especially for the 
relaxation case.   
Beres (1968) presented the results of extensive creep tests done on cellular concrete 
with a compressive strength of 5.5 MPa.  Continuous creep was observed for up to 3 years on 
specimens loaded at 17.8, 35.5 and 53.3% of the compressive strength.  The observed creep 
strain at 3 years ranges from 700 to 4000 (x 10-6 m/m) for 100 x 100 x 400 mm specimens at 
80-100% RH and 9.5-12.5oC.  His results showed that creep is proportional to the applied stress 
when the change in stress is small.  However, with large changes in the stress level, creep is not 
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proportional.  The creep for moist cured FC of densities 1300, 1600 and 1900 kg/m3 under a 
sustained load of 20% of compressive strength was about 350 to 605 µε.  This range is 
approximately similar at each density level (Lim 1984).   
Recent data on creep of LWAC is scarce.  In textbooks and research reports dealing 
with creep and shrinkage of LWAC, reference is often made to extensive experimental work of 
Shideler (1957) and Reichard (1964).  The experimental results of Shideler are often quoted 
where the creep of LWAC made with different LWA is compared with the creep of a NWC.  
An often observed trend is that creep of LWAC seems to continue faster at later ages than 
NWC.  The reason for this must most probably be sought in the transfer of stresses from the 
paste onto the aggregate.  The cement paste is the component that is considered to cause the 
creep deformations.  While creeping of concrete the part of the load which is carried by the 
paste is gradually transferred to the aggregate.  The stiffer the aggregate, the more load will be 
carried by the aggregate skeleton and the more the stresses in the paste will decrease.  A 
decrease of the stresses in the paste will result in less creep of the paste and hence of the 
concrete.  Since most of the lightweight aggregates have a lower stiffness, the stresses in the 
paste will remain higher and so the creep of LWAC (Neville et al. 1983).  The recent study on 
LWAC reported by Gesoglu et al. (2004) that the specific creep reduced significantly for the 
silica fume concrete at both low and high w/b ratios and concretes without silica fume at low 
w/b ratio showed lower creep values.  In addition, concretes containing higher LWA content 
had lower creep strain at all w/b ratios.   
2.8 Shrinkage cracking 
 The importance of shrinkage in structures is largely related to cracking.  It is the 
cracking tendency due to shrinkage that is of more concern because the advent or absence of 
cracking depends not only on the potential contraction but also on the extensibility of concrete, 
its strength, and its degree of restraint to the deformation that may lead to cracking.   
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2.8.1 Methods to control shrinkage cracking and shrinkage effects  
 The control of cracking consists of reducing cracking tendency to a minimum, using 
adequate and properly positioned reinforcement, using construction joints and proper 
construction practices (ACI 224 2001).  Some of the effects which may control the shrinkage of 
concrete were given below.   
 Reducing shrinkage: The most obvious method to reduce shrinkage cracking is to 
reduce the material shrinkage.  Lowering w/c ratio often corresponds to reducing shrinkage of 
concrete with typical w/c ratios because less water is available for evaporation (Neville 1997).  
Use of aggregates with increased stiffness and higher aggregate volumes can also be effective 
in reducing shrinkage.  Finally, shrinkage can be reduced through proper curing conditions that 
minimize evaporation losses.   
 Use of expansive cements: Expansive cements are composed of an ASTM C-150 Type 
I and II cement with additions of Type K, M and S cements.  Cements have been developed 
that expand during curing to compensate for the shrinkage that occurs.  The internal reinforcing 
steel is used to provide restraint from expansion causing the concrete to be effectively pre-
stressed during curing.  The shrinkage compensating concrete has been used on several projects 
to minimize the effects of shrinkage cracking to increase joint spacing and limit curling (Keith 
et al. 1996).  Special precautions must be exercised when expansive concrete is used.  If 
sufficient restraint is not provided the concrete can self-destruct due to expansion; and the steel 
must be proportioned and placed correctly to avoid the effect of complications that can include 
buckling or wrapping.  However, use of expansive cement to reduce shrinkage cracking is not 
widely accepted in practice.   
 Use of fiber reinforcement: Since concrete has low tensile strength, the development of 
higher tensile strength materials would improve the performance of concrete structures 
although increases in strength are generally accompanied by increased brittleness.  One 
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alternative method is to improve the crack arresting mechanisms in cement and concrete 
composites.  It has been shown that fibers, even in low volume, will reduce crack widths and 
increase a materials resistance to cracking.  The use of short randomly distributed fibers has 
been recently shown to arrest shrinkage cracking.  Several different fiber types have been tested 
including: steel (Swamy et al. 1979; Paillere et al. 1989; Grzybowski and Shah 1989), 
polypropylene (Krenchel and Shah 1987), Glass (Mirza and Soroushian 2002), and natural 
fibers (Sarigaphuti et al. 1993).   
 Use of shrinkage reducing admixtures: Onada expanTM is an expansive additive 
currently used in Japan for concrete.  This admixture expands when the concrete is hydrated, 
without strength loss using calcium silicate and glass interstitial substitute rather than CaO.  
This material is stable but it must be moist cured and require longer mixing.  TetragardTM has 
been proposed as an admixture (liquid or powder) which weaken capillary tension, reduces heat 
of hydration, creep and warping.  This material has been applied to existing concrete and 
shrinkage has been reduced on rewetting.  EclipseTM is a liquid admixture that inhibits 
shrinkage of concrete.  It has been suggested that EclipseTM slows down the shrinkage at early 
ages when concrete is most vulnerable, although reductions in overall shrinkage has been 
noted.  Tazawa and Miyazawa (1997) have used mineral admixtures to avoid autogenous 
shrinkage.  However, while using the shrinkage reducing admixtures care must be taken in 
comparing these products since many rely on expansion to reduce shrinkage.   
2.8.2 Methods to assess shrinkage cracking 
 Free shrinkage: The standard method to examine the free shrinkage of concrete is 
described in ASTM C-341.  The procedure includes the measurement of the time dependent 
change in length of a 400 mm long and 100 mm square prism.  The information obtained from 
this method can be used for comparative studies, however, this is not a significant material 
parameter to characterize structural effects because of the influence of geometry, creep, 
stiffness and fracture resistance.  It should be noted that for the shrinkage to be applicable for a 
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given structure a similar surface to volume ratio should be used for the free shrinkage 
specimen.   
 Plate tests: The plate test was developed in several laboratories, with the intent of using 
it to evaluate the performance of low volume content polymer fibers to reduce plastic shrinkage 
cracking (Kraai 1985; Yokoyama et al. 1994).  Kraai (1985) used restraint in thin plate 
specimens to study the effect of material properties on shrinkage cracking (Fig. 2.8).  It is based 
on casting concrete in a slab mould with restraint being achieved by reinforcement at the edges 
of the plate.  The surface is exposed to drying, which is usually achieved by air blown by a fan, 
simulating the windy conditions.  Since most of the structures are planar in nature, the 
information obtained from this method can be applied to a specific structure.  The main 
limitation of this method is to provide sufficient restraint to the specimen.  Weiss et al. (1998) 
developed a test method to simulate the restraint experienced in highway pavements and bridge 
decks.  This method requires sufficiently thin concrete slabs in an attempt to minimize moisture 
gradients.  The researchers used two types of slab specimens: slabs restrained at one end (RE) 
and slabs restrained at both the base and end (RBE).  The RE specimens were used to simulate 
slabs of finite length and RBE specimens were used to simulate the effect of sub-base friction.  
However, in plate type specimens, when restraint to shrinkage is provided in two directions, a 
biaxial state of stress is produced.  Consequently, the results obtained from this test may depend 
on specimen geometry in addition to the material properties.   
 Longitudinal tests: The tests in this category can be divided into three types.  (i) The 
longitudinal geometry is used as a restraint to measure cracking only referred to as 
longitudinal-qualitative (Banthia et al. 1993, Fig. 2.9; Berke and Dallaire 1994).  In this 
cracking was determined and quantified in terms of width and length of the cracks.  (ii) The 
longitudinal test rig is partially instrumented to determine also the restraining forces and 
stresses.  The test is passive in nature, since the restraint is achieved by longitudinal bars on 
which strain gauges are mounted referred to as longitudinally-passive.  (iii) Instrumented test, 
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in which a closed loop controlled system if operating to adjust the grip position and fix it to 
zero strain while recording continuously the load and deformations in restrained and free 
companion specimen referred to as longitudinal-closed loop instrumented.  Using the concept 
of Bloom and Bentur (1995), a fully automated instrumented testing rig, which is a closed loop 
computer controlled was developed by the Kovler (1994) shown in Fig. 2.10.  In the test, one 
gripped end was fixed and the other was connected to a motor through a universal joint; when 
shrinkage occurs and its level approaches a strain of 5 x 10-6 (i.e., 5 µm shrinkage for the 1000 
mm long specimen), the motor automatically starts to pull the specimen back to the initial 
position, to keep the length of the specimen at 1000 mm.  The load cell records the load 
induced in this motion.  However, it is difficult to provide sufficient restraint, to produce 
cracking with linear specimens especially when cross-sectional dimensions are large.  
Moreover, often difficulties are experienced in obtaining end restraint similar to difficulties 
associated with testing concrete in direct tension (Neville 1997).   
 Ring specimens: The ring test is a popular method for assessing the shrinkage cracking 
of concrete.  In the ring test, a concrete ring is cast around a steel ring.  As concrete dries, the 
concrete ring tends to shrink but steel ring prevents the shrinkage.  As a result, the concrete ring 
develops tensile stress in the circumferential direction. The relative dimensions of the specimen 
can be selected in such way to approximate uniaxial tension as a result of restraint.  Because of 
the axis symmetric nature of the ring specimens it can be through to approximate an infinitely 
long slab subjected to tensile stress.  The ring test is easy to conduct in the lab due to the 
removal of difficulties encountered with providing sufficient end restraint to the tensile 
specimens (Weiss et al. 1998).  The summarised information on restrained shrinkage cracking 
test methods and assessment techniques used for different type concrete and mortars was given 
in Table 2.1.   
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2.9 Restrained ring test 
 Due to its aforementioned advantages the ring test has become a popular method for 
assessing the shrinkage cracking of concrete.  Researchers have been using the ring specimens 
to perform restrained shrinkage studies since 1939.  The ring test was used as early as 1939 by 
Carlson and Reading (1988) to assess the susceptibility of concrete mixture to early age 
cracking.  This method has been primarily used to investigate concrete cracking and the 
effectiveness of different type of material additives and different types and volume fraction of 
fibers in controlling cracking of concrete and mortars (Swamy et al. 1979; Krenchel and Shah 
1987; Grzybowski and Shah 1989; Sarigaphuti et al. 1993; Mirza and Soroushian 2002).   
 The American Association of State Highway and Transportation Officials (AASHTO 
1999) developed a provisional standard that recommends a ring with a 300 mm (12 in.) inner 
diameter, a 75 mm (3 in.) concrete wall thickness, a 150 mm (6 in.) height and a 12 mm (1/2 
in.) steel wall thickness to study the shrinkage cracking of concrete.  The standard includes the 
use of strain gauges which are placed at mid height on the inner circumference of the steel ring 
to monitor the strains over time and abrupt changes in the steel stain are used to signal the age 
of cracking.  Weiss and Ferguson (2001) analysed the limitations of this test with respect to size 
effects and non-uniform drying.  They proposed a modified test where the circumference is 
sealed and drying is more uniform, taking place from the upper and lower sides (Fig. 2.11).  
Very recently, Hossain and Weiss (2004) proposed an analytical approach which was presented 
to simplify the data interpretation to obtain the test parameters, which are more physically 
significant by considering the steel strain information obtained from the ring test to calculate 
the residual stresses in the concrete specimen.   
2.10  Shrinkage cracking of LWC 
 The recent study on LWAC reported by Mirza and Soroushian (2002) was mainly 
focussed on the performance of alkali-resistant glass fiber reinforcement on crack and 
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temperature resistance of LWAC containing perlite aggregate.  In this study, restrained ring test 
was carried out on LWAC reinforced with glass fibers of different doses (0 to 0.75 % volume 
fractions).  The dimension of the concrete ring studied was 306 mm internal diameter, 30 mm 
thickness and 370 mm height.  They found that the alkali-resistant glass fibers were highly 
effective in controlling restrained shrinkage cracking of LWAC.   
 Zhang et al. (2005) discussed the potential risk of LWAC cracking when exposed to 
dry environment basing on free shrinkage measurements, modulus of elasticity and flexural 
tensile strength.  According to their results, it was reported that the LWC may have lower risk 
of cracking at early age compared with the corresponding NWC with equivalent mix 
proportions due to their lower shrinkage and modulus of elasticity although their flexural 
tensile strengths was slightly lower.  For the long term, although the LWC had some what 
higher shrinkages than NWC, the tensile stresses of the LWC element due to the shrinkage may 
not necessarily be higher than that of NWC due to the lower modulus of elasticity of the 
former.  Comparing LWC and NWC with similar 28-day compressive strengths, the LWC 
would probably have lower risk of shrinkage cracking under the same restraint conditions at an 
early age due to its lower shrinkage and modulus of elasticity but higher flexural tensile 
strength.  They also concluded that the risk of cracking may be reduced by incorporating the 
steel fibers and silica fume due to the increased flexural tensile strength with former and 
substantial decrease shrinkage with the latter.   
 Newman (1993) stated that even though the shrinkage of all-LWAC (both fine and 
coarse aggregates are LWA) is 1 to 1.5 times higher than NWC, LWAC with dense fine 
aggregates exhibited similar shrinkage performance as NWC.  Based on this study, it was 
concluded that the shrinkage cracking was rare in LWAC due to the relief of restraint by creep 
and the continuous supply of moisture from the pores of LWA.  The very recent study on 
shrinkage cracking of LWC made with cold-bonded fly ash aggregates by Gesoglu et al. (2004) 
was focussed on the effect of water to cementitious materials (w/cm) ratio and silica fume 
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percentage on the shrinkage cracking behaviour of LWAC.  The dimension of the concrete ring 
studied was 305 mm internal diameter, 35 mm thickness and 140 mm height.  They reported 
that with addition of silica fume, the cracking took place earlier.  The combined action of 
higher free shrinkage, higher elastic modulus, and lower specific creep resulted in earlier 
cracking of the concrete without silica fume at 0.35 w/cm ratio and all silica fume concretes at 
both w/cm ratios of 0.35 and 0.50 in spite of their higher tensile strengths.  They studied 
shrinkage cracking performance through average cracking age and maximum crack width.  In 
contrast to the Newman observation, they concluded that compared to the NWC as reported in 
literature, shrinkage cracking performance of LWC was much poorer.   
2.11 Summary  
This chapter was aimed to provide the reader with a summary of concepts used in the 
remainder of this work.  It should be noted that shrinkage cracking is a complex phenomenon 
that depends on many and age-dependent mechanical properties (tensile strength, modulus of 
elasticity, fracture resistance, etc) and deformational properties (shrinkage and creep) in 
addition to the geometry of the structure.  Therefore, various types of cracking and mechanisms 
of cracking are presented.  Earlier studies focussed on the effect of mix proportions on 
compressive strength of FC up to about 20 MPa.  With the advancement in concrete 
technology, higher strength FC has been introduced in the last decade.  Few researchers 
reported higher strength FC with compressive strength up to 50 MPa, by making high strength 
paste using low w/c ratio and micro-fine materials.  The studies on FC indicate that air-voids 
play a crucial role in controlling the properties of FC.  However, no systematic study on the air-
void system of FC and its effect on mechanical properties have been reported.  The studies on 
LWAC concrete indicate that the mechanical behaviour LWAC is limited by the strength of 
LWA.  LWAC exhibit monolithic behaviour due to better bond between the aggregate-matrix 
interface and the less elastic mis-match of the aggregate and matrix.  The investigations and 
discussion on the influencing parameters of mechanical properties for LWC were reviewed.  
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The concepts of fracture mechanics and its popularity in concrete are presented.  Fracture 
mechanic principles were used to quantify brittleness, post-peak behavior, strain localization, 
and effect of specimen size.  The brief details of fracture toughness of concrete and flexural 
toughness of fiber reinforced concrete measurements are also reviewed.  The fracture toughness 
studies on LWC were observed to be scarce and limited.   
The concepts of shrinkage of concrete, types, mechanisms and controlling factors are 
presented.  The studies on autogenous shrinkage of LWAC indicate that the autogenous 
shrinkage in LWAC concrete is significantly lower than normal weight concrete due to the 
water lost internally by self-desiccation of the cement paste being immediately replaced by 
moisture from the LWA.  No information has been reported on the autogenous shrinkage of FC.  
The drying shrinkage of FC was reported to be high due to the absence of aggregates to restrain 
the shrinkage.  Most of the studies on shrinkage behaviour of LWAC indicate that the 
shrinkage of LWAC is higher than that of NWC.  However, it is strongly evident that various 
types of LWA usually result in very different behaviour as far as shrinkage is concerned.  
Similarly, the creep behaviour of LWC is also reported to be of the same trend as shrinkage due 
to the lower stiffness of LWA than NWA.  The influencing parameters of deformational 
properties for LWC were reviewed.  The methods to minimize shrinkage cracking and 
shrinkage effects, and methods to assess shrinkage cracking behaviour of concrete are 
summarized.  Use of lower w/c ratios and higher stiffness of aggregate are effective in reducing 
the shrinkage rate of concrete.  Use of fibers helps to improve the fracture resistance of 
concrete against cracking.  Among the different assessing methods, ring test was reported to be 
popular due to its axis symmetric nature and easy to conduct in the lab due to the removal of 
difficulties encountered with providing sufficient end restraint to tensile specimens.  Most of 
the studies on shrinkage cracking behaviour of LWAC have been discussed based on the free 
shrinkage measurements without conducting much restrained tests.   
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Table 2.1  Summary of restrained shrinkage cracking methods and assessing techniques for different concretes 
 
S. 
No. Author (s) Test type Details of specimen 
Type of 
concrete Assessment method Remarks/conclusions 
1 Swamy et al. 
(1979) 
Ring test Steel ring: OD- 508 mm 
and thickness 32 or 44 
mm; Concrete ring: OD-
660 mm, thickness 76 






Stress equation based on the theory of 
elasticity was proposed on an 
assumption that the theoretical 
distribution of the circumferential stress 
in the steel and concretes is parabolic.   
The design and development of the ring 
method for measuring shrinkage stresses in 
mortars and concretes has been reported.  
Early age studies were carried out.  The 
strains in steel ring were captured using 
strain-gauges. 
 
2 Kraai (1985) Plate/slab 
test 
900 mm long, 600 mm 




The performance of concrete is 
quantified by maximum crack width, 
total crack length, total crack area and 
number of cracks per unit area.   
The restraint being achieved by 
reinforcement at the edge of plate.  The 
surface is exposed to drying, which is 
achieved by hot air blown by fan.   Plastic 
shrinkage cracking was tested.   
3 Carlson and 
Reading 
(1988) 
Ring test Steel ring: OD- 175 mm 
and thickness 25 mm; 
Concrete ring: OD-200 
mm, thickness 25 mm 
and 38 mm height. 
NWC and 
mortar 
Drying was permitted only from the 
circumference.   
Inspection of concrete ring periodically 
to determine length of time before 
cracking.   
This ring test was developed by Carson in 
1939.  It was found that higher stresses 
before cracking when exposed to low RH 




Ring test Steel ring: OD- 170 mm 
and thickness 26 mm; 
Concrete ring: OD-250 
mm, thickness 40 mm 





Number of cracks and total width of 
cracks at the end of test was considered 
for comparison with others results.   
The addition of 0.25% fibers reduces the 
average crack width value which is one 
third that of specimens without fibers, 
beyond 0.5% has relatively smaller 
improvement.   The analytical model was 














Ring test Steel ring: OD- 305 mm 
and thickness 25.5 mm;  
Concrete ring: OD-375 
mm, thickness 35 mm 







A special microscope setup designed to 





Steel fibers used were more effective than 
polypropylene fibers.  No influence with 
0.1 percent by volume of polypropylene 


















et al. (1993) 
 
Polypropyle









Age of cracking, number of cracks and 
total crack width was used to evaluate 
the performance of fiber type and 
percentage on the cracking behaviour of 
fiber reinforced concrete.   
Depending on the type and amount of SRA 
used, a considerable reduction in crack 




A significant reduction in crack width was 
reported with cellulose fiber reinforcement 
and comparable performance with 
polypropylene fibers in the shrinkage 
cracking and toughness tests.   





40 x 40 mm cross 
section and 500 mm 
long with restraint 





Cracking is observed by means of a 
microscope traveling above the 
specimen, and the number and width of 
cracks is recorded to characterize the 
cracking behaviour though total crack 
with and total crack length.   
Specimen is cast into a mold with triple bar 
anchors at its ends.  These anchors are 
rigidly attached to a 50 mm thick base 
plate through vertical posts.  The mould 
itself is mounted on two frictionless rollers 
that are free to slide in the longitudinal 
direction and the whole assembly is placed 






















40 x 40 mm cross 
section and 1000 mm 
long with wider at two 
ends to fit into the grips 
NWC The compensating cycles controlling the 
operation of the instrumented shrinkage 
testing system and free shrinkage and 
creep can be calculated from the test 
data.   
In this test, one gripped end was fixed and 
the other was connected to a motor through 
a universal joint.  When shrinkage occurs 
and its level approaches a strain of 5 x 10-6 
the motor automatically starts to pull the 
specimen back to the initial position, to 
keep the length of the specimen.  The load 
cell records the load induced in this 
motion.  











40 x 40 mm cross 
section and 1000 mm 
long with wider at two 
ends to fit into the grips. 
Microconcre




Stress curves were generated under 
restrained shrinkage condition and the 
age at which the stress drop was the 
indication of cracking.  Early age 
cracking of hardened concrete and 
plastic shrinkage cracking was studied.   
In this test setup one grip was fixed, while 
the other was free to move.  The 
movement of the free grip was monitored 
by special gauge.  As the concrete 
contracted during shrinkage, the movable 
grip could be returned to its original 
position by screw assembly connected to 
the grip, capable of monitoring the load 
exerted on the concrete.  Thus complete 
restraint was achieved by returning the grip 
to its original position.   





100 x 100 mm cross 
section and 1010 long 
with restraint generated 
by matured concrete 





The number and width of cracks was 
recorded to characterize the cracking 
behaviour though total crack with and 
total crack length.   
Shrinkage specimens were prepared on a 
40 mm deep substrate of 1010 mm long 
and 100 mm wide cured for 3 days.  A 100 
mm deep layer of the overlay material was 













































Steel ring: OD- 305 mm 
and thickness 25.5 mm 
Concrete ring: OD-375 
mm, thickness 35 mm 








24 x 100 x 1000 mm of 
RE and 35 x 100 x 1000 






Theoretical model based on nonlinear 
fracture mechanics was proposed to 
predict the transverse shrinkage 
cracking behaviour of concrete ring 








Similar kind of analysis also proposed 
for slab specimens using the fracture 
parameters and free shrinkage and 
estimated creep data.   
Using fracture parameters and fracture 
resistance curve of the ring specimen, the 
maximum allowable tensile strain 
calculated based on energy balance during 
shrinking of concrete ring.  The age of 
cracking of the ring was predicted by 
equating the difference between measured 
free shrinkage and the estimated creep to 




Based the results and stresses, age of 





Ring test Steel ring: OD- 330 mm 
and thickness 12.5 mm.   
Concrete ring: OD-406 
mm, thickness 38 mm 
and 152 mm height. 
Concrete The standard includes the use of strain 
gauges which are placed at mid height 
on the inner circumference of the steel 
ring to monitor the strains over time and 
abrupt changes in the steel stain are used 
to signal the age of cracking.   
Drying from circumference of the concrete 
ring.  This used to measure restrained 
drying shrinkage stresses that develop in 
concrete.   
15 Mirza abd 
Soroushian 
(2000) 
Ring test Steel ring: OD- 306 mm 
and thickness 28 mm 
Concrete ring: OD-366 
mm, thickness 30 mm 






Assessed based on the total number of 
cracks and maximum crack widths.   
Alkali-resistant glass fibers were reported 
to be highly effective in controlling 
restrained shrinkage cracking of LWC.   
16 See et al. 
(2003) 
Ring test Steel ring: OD- 330 mm 
and thickness 12.5 mm; 
Concrete ring: OD-406 
mm, thickness 38 mm 






Restrained shrinkage analysis was 
carried using the tensile strength, free 
shrinkage and tensile creep data.   
The tensile creep must be considered in 
evaluating the risk of cracking under 
restrained shrinkage.  SRA significantly 
enhance the cracking resistance of concrete 
by reducing both the shrinkage potential 
and shrinkage rate.   
17 Hossain and 
Weiss (2004) 
Ring test Steel ring: OD- 300 mm 
and thickness 3.1, 9.5, 
19 mm; Concrete ring: 
OD-450 mm, thickness  




The stains in the steel ring were 
captured using stain gauges and used to 
analyse the stresses in the concrete ring 
specimen.  The formulation stress 
development using shrunk fit approach 
was proposed.    
Drying of ring was allowed from top and 
bottom of the concrete ring.  Risk of 
cracking based on the ratio of actual stress 
in the concrete ring to tensile strength of 
concrete was also proposed.    
18 Gesoglu et 
al. (2004) 
Ring test Steel ring: OD- 305 mm 
and thickness 25.5 mm; 
Concrete ring: OD-375 
mm, thickness 35 mm 






Age of cracking and total crack width 
was considered to compare the 
shrinkage cracking performance of 
LWAC with and without silica fume 
and with different w/c ratios.   
Results were expresses qualitatively 












Fig. 2.1  Influence of strength, shrinkage and creep on shrinkage cracking of concrete  









Fig. 2.2  Creep deformation definitions: (a) original length, (b) elastic deformation, (c) creep  
   loading, and (d) permanent creep after loading (Mehta and Monteiro 1997) 
Actual tensile stress 
after creep relaxation 
Time 
Delay in cracking 




























Fig. 2.3 (a)  Fresh concrete density versus cube compressive strengths of foamed  

















Fig. 2.3 (b)  Fresh concrete density versus cube compressive strengths of lightweight  

































Present study-FC with sand
Present study-FC without agg.
Present study-LWAFC
Regan & Arasteh [16]-LWAFC
Weigler & Karl [27]-LWAFC
McCormick [28]-LWAFC




Tam et al. [30]-FC
Kearsley & Wainwright [31]-FC28
Kearsley & Wainwright [31]-FC365
Fujiwara et al. [11]-FC ∗, †
        ∗, †
†
†
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∗
∗
∗ : Reported cylinder compressive strength
† : Condition at which density was measured



























































Brook et al. [20]-LWAC
Hoff [21]-LWAC
Zhang & Gjorv [22]-LWAC
Bilodeau et al. [23]-LWAC
Khaloo & Kim [24]-LWAC
Babu [25]-LWAC
Johnston & Malhotra [26]-LWAC
Regan & Arasteh [16]-LWAFC
Weigler & Karl [27]-LWAFC
McCormick [28]-LWAFC
Fujiwara et al. [11]-LWAFC
   ∗
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         ∗, †
∗ : Reported cylinder compressive strength
‡ : 28-day air dry density
† : Condition at which density was 





































Fig. 2.4  Failure modes for concrete with (a) normal weight aggregate (b) lightweight  
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Fig. 2.6  Typical load and CMOD curve for a notched concrete beam 
 
 
Fig. 2.7  Causes of drying shrinkage of cement paste (a) Capillary stress;  
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Fig. 2.9  Longitudinal restraining ring test developed by Banthia et al. (1993)  
Fig. 2.10  Schematic description of the closed loop instrumented restraining system  




































MECHANICAL PROPERTIES OF               
LIGHTWEIGHT CONCRETES 
3.1  Introduction 
The mechanical properties of concrete are generally considered as important since 
these are inextricably connected with the design and long-term performance of concrete 
structures.  The development of shrinkage cracks also depends on many mechanical properties 
in addition to deformational properties.  Mechanical properties alone may not able to provide a 
better concrete mixture with less risk of shrinkage cracking, because with time, the tensile 
strength increases, thereby reducing the potential risk of cracking but on the other hand, the 
modulus of elasticity also increases so that the stress induced by a given shrinkage becomes 
larger, and the creep relief stress decreases with age so that the cracking tendency becomes 
greater (Neville 1997).  It should be note that cracking can be avoided only if the stress induced 
by free shrinkage strain, reduced by creep, is at all times smaller than tensile strength of 
concrete.   
Understanding the mechanical properties (behaviour) of concrete is important in order 
to evaluate the shrinkage cracking behaviour of a given mixture as these are directly or 
indirectly influencing the shrinkage cracking tendency of concrete.  The tensile strength of 
concrete is the parameter used to assess stress levels at which the shrinkage cracking of 
concrete takes place for a given degree of restraint and structural geometry.  The modulus of 
elasticity of concrete generally influences the stresses (elastic tensile stress, stress after creep 
relaxation and actual tensile stress) in the concrete member under restraint.  Furthermore, it is 
possible to have a concrete with same modulus of elasticity but different in tensile strength and 
similarly different modulus with same tensile strength.  The modulus of elasticity of concrete 
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also affects the shrinkage and creep behaviours of concrete.  Creep of concrete depends on the 
amount of sustained load, for which strength of concrete is needed.  It is therefore necessary to 
understand the material behaviour before embarking on a study of cracking behaviour of 
concrete.   
 In lightweight concrete (LWC), these properties are influenced by many factors due to 
wide range of densities, type of fillers (air, low porous and high porous aggregates), etc., to 
meet different structural or functional applications.  As foamed concrete (FC) with higher 
strength, is relatively a new concrete, any change of micro/macro structure of FC due to air-
void system i.e., air content, air-void size, air-void frequency, spacing factor etc may affect the 
mechanical properties significantly in relation to density.  As it is possible to have FC of 
different air-void sizes with the same porosity and in the same context, same air-void sizes with 
different porosity, Powers (1954) proposed a parameter known as spacing factor to characterise 
the air-void system in concrete.   Thus far, the spacing factor has been the most widely used 
parameter for measuring the air-void system in hardened normal concrete to determine the 
durability of air entrained concretes in freeze-thaw environments.  In the recent study (Khayat 
and Assaad 2002), this parameter was also related with slump flow and rheological properties.  
Few reports (Toshio et al. 1991; Kearsley and Visagie 1999) also discussed the relation 
between the air-void size and compressive strength of FC. However, in addition to the air-void 
size, compressive strength of FC may also be affected by the air content, number of air-voids 
(frequency of air-voids) and spacing of air-voids (spacing factor) etc.  Existing reports did not 
emphasise the effect of the air-void system on the mechanical properties.  Therefore, the 
change of air-void system and its effect on mechanical properties were studied elaborately in 
this Chapter.   
 This Chapter covers the first objective of study, which was focussed to understand the 
mechanical behaviour of LWCs.  The scope of works are i) to investigate the effect of water to 
cement (w/c) ratio on air-void system of FC and their effect on mechanical properties of FC 
through experimental and numerical studies; ii) to investigate the effect of filler type, volume 
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and fibers on fracture toughness and other mechanical properties of LWC with and without 
aggregates; and iii) to study the correlation between mechanical properties and fracture 
behaviour of FC in comparison with LWAC and NWC.   
3.2  Experimental investigation  
3.2.1  Materials  
 The cementitious materials used in the present study were ordinary Portland cement 
(OPC), ground granulated blast furnace slag (GGBFS) and silica fume (SF).  The typical 
physical properties and chemical compositions of these cementitious materials are given Table 
3.1.   
 Natural sand passing through 4.75 mm with a specific gravity of 2.65 and fineness 
modulus of 2.60, conforming to ASTM C33, was used.  The lightweight aggregate (LWA) of 5 
to 20 mm size, which conforms to the grading requirements given by ASTM C 330, was used 
as coarse aggregate in the mixes of FC with lightweight aggregate (LWA).  The dry particle 
density of LWA was 968 kg/m3 with an absorption capacity of 12.20% by weight of dry 
aggregate at 24 hours.  Protein-based foaming agent with a specific gravity of 1.1 was used to 
produce preformed foam using a foam generator.   
 In the case of LWAC, the expanded clay LWA of five different densities (L9, L8, L7, 
L6 and L5), pumice (Pum) and expanded polystyrene (EPS) were used.  The physical 
properties of these LWA such as size, dry particle density, water absorption at 1 hour and 24 
hours and porosity are given in Table 3.2.  LWA were pre-soaked for 24 hours, and the mixing 
water was adjusted after taking account of the water absorbed on the aggregate surface. The 
grading of all the LWA, except for EPS, complied with the requirements of ASTM C 330.  
Crushed granite with a size ranging from 5 to 20 mm with a specific gravity of 2.65 was used to 
make NWC for comparison.  A commercially available, naphthalene based, high range water 
reducing admixture was used to increase the workability of concrete.   
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 Three types of fibers were used.  Polypropylene fibers were used in this research for 
their ability to disperse into individual filaments upon mixing with the concrete constituents.  
Alkali-resistant glass fibers with a high zirconia (ZrO2) content of 20% were chosen for their 
excellent resistance to chemical attack.  Hooked end stainless steel fibers were used in this 
study for their excellent tensile strength, anchorage and pull-out resistance.  The physical 
properties of the above mentioned fibers have been summarized in Table 3.3, and it can be 
observed that the mechanical properties of steel fibers are superior compared to polypropylene 
and glass fibers.   
3.2.2  Mix proportions 
 The mix design method adopted by Kearsley and Wainwright (2001) has been used to 
produce the FC for this study.  The cementitious material of equal portions, by weight of OPC 
and GGBFS was blended and used to form the paste of the FC designed with water to 
cementitious material (w/c) ratio of 0.22 to 0.60, to study the air-void system of FC for the air 
contents ranging from 10 to 70%.  The foam introduced was ascertained to be of the same 
quality by maintaining same foaming agent concentration, air pressure and further checked by 
its density.  Using this method, FC of consistent quality with density of 1200 kg/m3 and 
strength 19±2 MPa, were successfully produced in large volume and cast and cured on site just 
like NWC, using conventional ready-mix batching facilities (Wee 2005).   
 A total of 25 mixes were studied for the effect of w/c ratio (0.22, 0.30, 0.40, 0.50 and 
0.60) and air contents (70, 60, 50, 40, 25 and 10 percent) on air-void system and their effect on 
mechanical properties (Table 3.4(a)).  To study the effect of air volume, sand volume, LWA 
volume, fibers addition, and replacement of mineral admixtures (GGBFS, SF and GGBFS+SF) 
on various properties of FC, another set of 23 mixes were designed as given in Table 3.4(b).  
The molding of FC was done by tapping the sides of the mold with the rubber hammer, 
according to ASTM C 796.  The fresh density of FC was tested as per ASTM C 796.   
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In the case of LWAC, a total of 36 mixture proportions were considered to study the 
effect of w/c ratio, aggregate or air volume, aggregate density, aggregate size, aggregate 
soaking condition, fibers and mineral admixtures on various properties of LWAC as given in 
Table 3.5.  Immediately after mixing, the slump test and fresh concrete density measurements 
were carried out.  The pre-prepared moulds were filled with concrete in three layers and each 
layer was compacted on vibrating table.   
The ambient temperature during mixing and casting was 27±3 oC.  Immediately after 
casting and finishing, the specimens were covered with plastic sheets to avoid direct exposure 
to wind and hence decrease evaporation.  The covered specimens were kept at the same 
temperature until demoulding.  After 24 hours the specimens were demoulded and stored in the 
fog room for curing.  The specimens were moist-cured in a fog room at a temperature of 30±2 
oC and relative humidity (RH) of 100% until the day of testing.    
3.2.3  Test program  
 This section gives description of specimen details and testing methods adopted to study 
the mechanical properties of LWCs with and without aggregate.  The measurement of air-void 
system using ASTM C 457 method with modified specimen preparation process for FC, and 
rheology tests are covered first followed by fracture toughness test on LWCs with and without 
fiber.  The other test methods for basic mechanical properties such as compressive strength, 
splitting tensile strength, flexural tensile strength, modulus of elasticity and stress-strain 
behaviour are covered in the later paragraphs.   
3.2.3.1  Air void system 
The specimen preparation done for the measurement of air-void system was slightly 
different from ASTM C 457.  The standard specified the size and thickness of the specimen and 
length of travel in the linear traverse method (LTM), based on the size of aggregate.  However, 
mixes from this study do not contain any aggregate (either coarse aggregate or sand) but consist 
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of high amounts of air (foam) and the resulting FC densities range from 500 to 2050 kg/m3.  To 
ensure the stability of the air-void walls during polishing, particularly in weaker specimens, all 
the specimens were vacuum-impregnated with slow setting epoxy.  In order to ensure 
consistency in results, all the specimens were prepared using similar techniques under the same 
environmental conditions, as follows.   
Firstly, specimens of about 45 x 45 mm size with a minimum thickness of about 15 mm 
were cut from the center of two randomly selected 100 mm cubes using a diamond cutter.  The 
face of the specimen was cut perpendicular to the casting direction.  The specimens were 
saturated in acetone to stop further hydration reaction before drying at 105 oC.  To ensure the 
stability of the air-void walls during polishing, the dried and cooled specimens were vacuum-
impregnated with slow setting epoxy.  The impregnated specimens were polished as per ASTM 
C 457.  After polishing and cleaning, the specimens were dried in room temperature for 12 
hours.  Finally, an effective size of 40 x 40 mm was considered for air-void measurement, as 
shown in Fig. 3.1.   
The air-voids were measured according to ASTM C 457 under a microscope (Fig. 3.2) 
with a magnification of 60X on two specimens prepared as per the procedure described above, 
for each concrete.  The LTM was adopted and a total length of 600 mm accumulated over a 
series of 15 parallel lines, was traversed on the polished face of the specimen.  The air-void 
system was then obtained from the equations provided in ASTM C 457.  To verify the 
homogeneity and, hence, the reliability of the air-void system obtained, statistical analysis were 
carried out for all the FCs made with different w/c ratios.  The air content and average air-void 
size were first obtained for each of the 15 parallel lines traversed from which the mean ( x ), 
standard deviation (s) and the coefficient of variations (COV) were then computed using the 
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respectively, where xi is the air content or average air-void size of each parallel line traversed 
and n the total number of parallel lines traversed for each specimen.  The results given in Table 
3.6 indicate that the specimens were relatively homogeneous.   
3.2.3.2  Rheology test 
 To study the rheology of cement paste, a laboratory coaxial-cylinder rheometer as 
shown in Fig. 3.3, with a sample volume of 33 cm3 was used and the whole set-up is connected 
to the computer controlled software.  Mechanical mixing of cement paste is done using a 
Hobart mixer with a maximum capacity of 5 litres.  A batch of fresh cement paste sample is 
newly prepared for each individual rheological test. Immediately after mixing, the required 
amount of sample, enough to fill the top of the inner rotating cylinder, is carefully poured into 
the outer test cylinder.  Shear rate is measured in units of radian per second (s-1).  The ramping 
shear rate is set ranging from 0 to 50 s-1 and throughout the entire shearing the temperature was 
controlled at 280 + 1oC to simulate a laboratory casting temperature.  The Bingham linear 
regression is performed on the data obtained from the rheometer. Bingham model is defined as: 
γηττ po +=         (3.4) 
where τ  = shear stress; oτ  = yield stress; pη  = plastic viscosity and γ  = shear rate.   
3.2.3.3  Fracture toughness 
In this study, fracture toughness in terms of critical stress intensity factor was 
expressed by testing according to RILEM TC 89.  It was suggested only for evaluating the 
fracture toughness of plain concrete.  The test specimen constitutes a centrally-notched beam of 
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dimension 700 mm x 80 mm x 150 mm (L x b x d).  The testing configuration and geometry of 
specimen used for the fracture toughness test is shown in Fig. 3.4.  The notch, 50mm deep, was 
created by casting the specimen in a mold where a 1mm-thick aluminum plate had been secured 
in the appropriate location.  The aluminum plate was removed when the concrete had 
sufficiently stiffened but not fully hardened.  The beam was supported across a span of 600 mm 
with a pin and roller support at each end, and a point load applied at the centre directly above 
the notch.  For each beam, the precast notch was 50 mm deep, leaving a ligament of 100 mm 
above it.  Prior to the fracture toughness test, knife edges made from 1.75 mm thick aluminum 
plates were attached on either side of the notch remote from the loading edge. This was done 
with the use of epoxy as a bonding agent to ensure that the knife edges were firmly glued to the 
concrete surface.  The gap between the knife edges was maintained about 10 mm to facilitate 
attachment and initialization of the clip gauge before the test.  Before testing, the notched beam 
had to be weighed and its mass was recorded.   
The specimens were loaded using displacement control at a constant rate of 0.02 mm/ 
min.  The displacement was applied onto the beam until the load on the beam reaches a peak 
and thereafter displacement was continued to be applied until the load drops to 95% of this 
peak load.  The beam was then unloaded fully and thereafter reloaded beyond the second peak 
by applying displacement at the same rate.  At the end of the test, the data was post-processed 
so as to produce a proper load-CMOD curve from which the maximum load, initial compliance 
Ci and unloading compliance Cu could be determined; both compliances were in terms of 
mm/N.  The critical stress intensity factor scIK , or fracture toughness, was then calculated using 
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where Pc was the maximum load and LSWW hh /0= , and 0hW  is the self-weight of the beam.  
S and L are the span and length of beams.  b and d are the breadth and depth of beam.  The 














          (3.6) 
The more detailed equations given in RILEM TC 89 (1990) are reproduced in Annex 1.   
ASTM C 1609 Method for fiber reinforced LWC  
In the case of fiber reinforced LWC specimens, deflections were measured using two 
LVDTs on both side of the beam fixed to a rigid yoke.  A same dimension of the specimen was 
used even for fiber reinforced concrete.  The testing geometry of the specimen and the LVDT 
arrangements for deflection measurements are shown in Fig. 3.5.  To measure the deflection, L 
shaped aluminum piece was glued to the face at center of the beam.  The testing machine was 
operated at constant rate of 0.02 mm/ minute.  It should be note that the deflection 
measurements were carried only on the fiber reinforced concrete beams and the corresponding 
reference beams without fibers.  The toughness of fiber reinforced concretes was calculated by 
the area under the load-deflection curve up to a net deflection of L/150 mm (4 mm), and it can 
be expressed as kN.mm as per the recent ASTM C 1609.  These tests were done on pre-notched 
beam with a span length of 600 mm, centrally loaded under three-point bending, in a 500 kN 
closed-loop servo-hydraulic machine.   
First-crack toughness is the energy equivalent to the area under the load-deflection (L-
D) curve up to the first crack deflection.  Toughness is the energy equivalent to the area under 
the L-D curve up to a specified deflection (ASTM C 1018).  In the recent ASTM C 1609, 
toughness is defined as the energy equivalent to the area under the load-deflection (L-D) curve 
up to a net deflection of 1/150 of the span.  Therefore, in this study, the first crack toughness 
and total toughness values were evaluated by considering the area under L-D curves up to first 
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crack deflection and deflection up to 1/150 of the span, respectively to understand the 
effectiveness of fiber volume fraction and type in fiber reinforced LWC with and without 
aggregate.   
3.2.3.4  Compressive strength 
Compressive strength test was carried out on 100 mm cubes and 100 x 200 mm 
cylinders in an Avery-Denison compression machine with a capacity of 2000 kN, conforming 
with BS 1881: Part 116.  The loading rate adopted for cube and cylinder specimens were 200 
and 150 kN/min, respectively.  Both the ends of cylinder specimens were grinded using the 
concrete grinder before testing for compressive strength.   
3.2.3.5  Splitting and flexural tensile strength  
Splitting tensile strength test was conducted on 100 x 200 mm cylinders, conforming to 
ASTM C 496-90, using Avery-Denison compression machine.  The flexural strength test was 
carried out on 100 × 100 × 400 mm prisms, conforms to ASTM C78 as well as BS 1881: Part 
118.  Flexural tensile strength of the concretes was tested using an Avery-Denison transverse 
testing machine. The loading span and rate of loading were 300 mm and 12 N/min, 
respectively.   
3.2.3.6  Modulus of elasticity and stress-strain test 
Modulus of elasticity test was conducted on the cylinder of 100 x 200 mm according to 
BS 1881: Part 121.  The compressive strains were measured with four transducers.  Each 
transducer had an accuracy of ± 1 µε.  Lateral strains were measured using extensometer.  The 
transducers and extensometer were mounted in the middle section of the cylinder.  Stress–strain 
behaviour of some FC with and without aggregates were also tested using the same equipment.  
For stress-strain test cylinders of 100 x 200 mm was used and each specimen was instrumented 
with three 100 mm long electrical strain gauges fixed horizontally at different depths along the 
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cylinder to measure the circumferential strains.  A fourth similar strain gauge was fixed 
vertically at the center of the specimen depth to measure the vertical strain.  These tests were 
done in a 500 kN closed-loop servo-hydraulic machine.   
3.3  Results and discussion  
3.3.1  Air-void system of foamed concrete 
  The details of the air-void system such as air content, weighted average air-void size, 
air-void frequency (density of air-void, i.e., the number of air-voids per unit volume of FC) and 
spacing factor (mean paste thickness surrounding the air-void) obtained for the FC made with 
different w/c ratios and air contents by LTM are given in Table 3.6.  It can be observed that for 
all the w/c ratios, the air contents measured from the adopted technique slightly under- and 
over-estimated the designed air contents at higher and lower values, respectively.  The resultant 
of high measured air contents in low air content mixes may be due to the accidental trapping of 
air (entrapped air) while mixing.  The maximum COVs observed for the concrete with different 
w/c ratios was about 15% and 17% in air content and average air-void size measurements, 
respectively.  However, no criteria have been set so far for the acceptance of air-void system 
measurements by LTM (ASTM C 457 2001).   
  The air-void system (such as air-content, air-void size, air-void frequency and spacing 
factor) of FC for different w/c ratio is given in Table 3.7.  The relationships between air content 
and air-void size, air-void frequency and air-void size, air-void size and spacing factor, and air 
content and spacing factor are correspondingly shown in Figs. 3.6 (a) to (d).  It can be observed 
that for a given air content, FCs made with different w/c ratios resulted in different air-void 
system in terms of air-void size, air-void frequency and spacing factor.  The increase of air 
content in FC resulted in increase of air-void size (Fig. 3.6 a), increase of air-void frequency 
followed by decrease (Fig. 3.6 b) and decrease of spacing factor (Fig. 3.6 d) at all the w/c 
ratios.  However, it can be noticed that the air-void system of FC was found to be affected 
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(shows the change of trend) commonly at an air content of about 40%, for almost all the w/c 
ratios.  For air contents lower than 40%, the change of air-void size was found to be less 
significant (e.g. 0.1 to 0.12 mm for 0.3 w/c ratio), whereas, air-void frequency (1.60 to 3.77 
nos. for 0.3 w/c ratio) and spacing factors (0.042 to 0.144 mm for 0.3 w/c ratio) shows 
significant changes; beyond 40% of air content, the former showed significant changes than the 
latter parameters.  FC with higher air content (beyond 40%) tends to result in larger air-voids 
because of the proximity of the air-voids, which lead to higher incidence of void coalescing and 
forming larger air-voids.  Whereas, with lower air contents (lower than 40%) concrete would 
have enough paste thickness which keeps the adjacent air-voids separately.   
  From Fig. 3.6 (a), it can be observed that for a given air content, air-void sizes are 
generally increasing with increase of w/c ratio from 0.22 to 0.60.  For a given w/c ratio, the 
smallest and biggest air-void sizes resulted in lower (10%) and higher (70%) air contents.  
Theoretically, if the same quality of foam introduced means that the air-void size at a given air 
content in FC made with all the w/c ratios should be same.  However, due to the change of 
paste rheological parameters (such as yield stress and plastic viscosity shown in Fig. 3.7) with 
different w/c ratios which induce different shear stresses (Fig. 3.7 a) on air (foam) bubble 
during mixing as well as in fresh state of FC resulting in change of air void sizes in FC.  The 
improved mobility of the concrete and decreased yield stress and plastic viscosity with increase 
of w/c ratio also help to increase air-void size, as these two rheological parameters generally 
control the mobility of fresh concrete (Tattersall 1991).   
  Among all the w/c ratios used, the smallest and biggest air-voids were observed (Fig. 
3.6 a) in the FC made with a w/c ratio of 0.22, for the air contents lower and higher than about 
55%, respectively.  The bigger air-void in the 0.22 w/c ratio concrete could be due to the use of 
superplasticizer in this mix to adjust the concrete for reasonable workability.  The variation of 
yield stress and plastic viscosity of the cement pastes with w/c ratio are shown in Fig. 3.7 (b).  
The relationship between yield stress and plastic viscosity is shown in Fig 3.7 (c).  It can be 
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observed that that the yield stress of cement paste increases with decrease of w/c ratio up to 
0.30 w/c ratio, however for the w/c ratio lower than 0.30, the yield stress shows decreased trend 
due to the superplasticizer (SP).  Whereas, the plastic viscosity was found to increase with 
decrease of w/c ratio (0.60 to 0.22).  From the relationship between yield stress and plastic 
viscosity (Fig. 3.7 c), yield stress was found to increase with increase of plastic viscosity up to 
0.30 w/c ratio, but beyond that though the latter increased significantly the former exhibited a 
decreasing trend.  For w/c ratio 0.22, the reduction of yield stress is probably due to the 
addition of the superplasticizer which is known to influence the two rheological properties 
differently.   
  According to Surfactant Theory (Porter 1994), the SP molecules act as a polymeric 
surfactant that has hydrophilic (HSO −3 ) and hydrophobic (the rest of molecules) parts.  When 
dissolved in water, it migrates to the interface of the water-air because the repulsion of the 
hydrophobic parts and the water molecules reduces its surface tension.  As the concentration of 
SP increases, its migration increases and the surface tension of water decreases up to a 
saturated point in which a monolayer of surfactants is formed.  The same thing occurs if the 
cement and water molecules comes in contact.  The SP molecules migrate to the cement-water 
interface reducing interfacial tensions between them, up to a monolayer adsorbed on the cement 
particles, and form the maximum negative charge on the cement particles surface, giving 
maximum fluidity of cement paste.  The higher coalescence of air-voids in this study, at higher 
air content in the FC with 0.22 w/c ratio is also due to the significant change of rheological 
parameters of cement paste with SP.   
  The coalescence of air-voids in air-entrained concrete may be due to the difference of 
surface tensions in different size of bubbles creating difference of pressure (Powers 1954; 
Mielenz et al. 1958).  If the water surrounding a small bubble should become saturated with 
respect to the pressure in the small bubble, it will become supersaturated with respect to the 
water surrounding a large bubble and, subsequently, one should expect air to diffuse through 
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the water from a smaller to the larger bubble, diminishing the smaller and enlarging the larger.  
This diffusion seems to be more dominant in lower density concretes, which contain lower 
paste content, at all the w/c ratios.  
  To understand the circumstances that lead to the coalescence of air-voids, the spacing 
factor was plotted against the average air-void size for all the w/c ratios, as shown in Fig. 3.6 
(c).  Interestingly, the spacing factor shows an asymptotic tendency with an apparent limiting 
value of about 0.02 mm, for the FCs with all the w/c ratios.  This asymptotic tendency was 
observed for the FCs with air contents higher than 40%.  As spacing factor is a measure of the 
mean paste thickness, this lower limit of 0.02 mm seems to be the threshold for the paste at 
which the air-void could be sustained without coalescing.  Therefore, at the air contents lower 
than 40%, the spacing factor was sufficiently large to prevent the coalescence of air-voids and 
hence the change in average air-void size was relatively small.  It is clear that when the paste 
content is about less than 60%; the average air-void size increases because there is less cement 
paste to prevent the air-voids from coalescing.  However, as the spacing factor approaches the 
threshold value, further increase in air content causes the air-voids to coalesce and stabilise at 
the threshold value of the spacing factor.  In other words, for the FCs made with all the w/c 
ratios, it can be deduced that the smallest spacing factor that could be sustained without air void 
coalescing is 0.02 mm.  In conjunction with the observations from the Figs. 3.6 a and 3.6 c, it 
seems that the air-void system is affected disparately by air content and there exists a distinct 
transitional air content that demarcates the trend clearly, for the FC made with different w/c 
ratios (0.22-0.50), which in this study is about 40%.  This transitional air content would depend 
on the rheological properties of the cement paste and the properties of the foam added before 
mixing.   
  Fig. 3.6 (c) also indicates that for the FCs with different w/c ratio, the variation of 
spacing factor was very significant for air contents lower than 40%.  The spacing factor 
observed at 10% air content are 5 to 7 times that of the spacing factors observed at ~ 40% air 
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content for the w/c ratio 0.22 to 0.50, respectively.  The significant change of spacing factor 
could be due to the fact that for a given w/c ratio, it is usually influenced by the air content, 
paste content, volume of the specimen and number of air-voids.  For a given air content, paste 
content and volume of specimen, the concretes also show significant drop of number air-voids 
in Fig. 3.6 (b) for the air contents lower than 40%.  Since the spacing factor is inversely 
proportional to specific surface area which is directly proportional to number of air-voids 
(significant decrease of number of voids from about 4 to 1.5 per mm for the corresponding air 
contents from 40 to 10%, for the w/c ratio from 0.22 to 0.50 respectively) this result in 
significant increase of spacing factor.  It was also be observed from the Fig. 3.6 (c), that the 
average air-void size of FC with different w/c ratios asymptote toward threshold values of 
0.125, 0.112, 0.10 and 0.075 mm, for the 0.50, 0.40, 0.30 and 0.22 w/c ratios, respectively.  
This was evident from Fig. 3.6 (a), where the change of average air-void sizes were almost 
stabilised for the air contents lower than 40%.  From the above, the smallest air-void size 
asymptotes towards a threshold value of 0.075 mm, which would then be the air-void size of 
the foam introduced into the concrete.  However, this threshold value is increasing with 
increase of w/c ratio due to the change of rheological properties of the respective pastes with 
increase of w/c ratio.  Powers (1968) also reported that the mean air-void size increases with 
increase of w/c ratio at least for most of the practical range of w/c ratios (0.26 to 0.60).   
  Furthermore, it can be noticed that for the air air-void sizes higher than 0.15 mm, the 
spacing factor was found to be almost stabilized in the FCs made with different w/c ratios.  The 
air-void sizes also found to be stabilized for the spacing factor higher than 0.05 mm in all the 
FCs.  The corresponding air-content at the intersecting point of 0.15 mm air-void size and 0.05 
mm spacing factor was about 40%, as was found to be the transitional air content earlier (Figs. 
3.6 a, b, d) for the FC made with different w/c ratios.  The above phenomenon deduces that the 
spacing factor and hence the paste content is critical to sustain the air-void size.  The air 
content, spacing factor and air-void size at which the changes of air-void system observed was 
at about 40%, 0.05 mm and 0.15 mm, respectively, for FC made with different w/c ratios.  
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However, the effect of air-void system on mechanical properties of FC was studied in the 
following paragraphs to achieve optimal values of the air-void system for attaining high 
strength FCs.   
3.3.1.1  Experimental study: Effect of air-void system on mechanical properties 
  The mechanical properties of lightweight concrete are generally affected by density of 
concrete; and the reduction of concrete density with addition of air (foam) as well reduce the 
strength properties (Short and Kinniburgh 1978).  The strength to weight ratio is one of the 
important parameter that can be assumed as a measure of economy of the mix while selecting 
suitable material for specific application.  A higher ratio would indicate a better return as less 
material had been used for the same strength or same amount of material now gives higher 
strength.  Therefore, in this study, the ratio of compressive strength over density and modulus 
of elasticity over density was discussed in relation to spacing factor and w/c ratios, as shown in 
Figs. 3.8 (a) and (b), respectively.  It can be observed that when the spacing factor increases up 
to 0.05 mm, the corresponding increase in the strength (dotted lines) and modulus ratios 
seemed to be significant for the FC at all the w/c ratios.  Likewise, as shown in Fig. 3.6 (c), 
when the spacing factor increases up to 0.05 mm, the average air-void size reduces 
significantly, this thereby contributes to the significant increase in the strength and modulus 
ratio.  As the spacing factor increases from 0.05 to 0.21 mm, the strength and modulus of 
elasticity did not increase significantly.  This is due to that the less variation of average air-void 
sizes at the respective w/c ratios (Fig. 3.6 c) for the spacing factors higher than 0.05 mm.  The 
air-void size (Fig. 3.6 c) and the variation of strength and modulus ratios (Figs. 3.8 a and b) 
were found to be almost stabilised for the spacing factor higher than 0.05 mm in the case of FC 
with 0.40 and 0.50 w/c ratios than that of low w/c ratios (0.22 and 0.30).  The above 
observations evident that air-void sizes in combination with the spacing factor significantly 
governs the mechanical properties of the FC for different w/c ratios.  A small air-void size in 
combination with a large spacing factor would lead to better mechanical properties and the 
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optimal values of spacing factor and air-voids would result in optimal strength to weight ratio.  
Fig. 3.8 shows the optimal spacing factor to 0.05 mm, above which the strength or modulus to 
density ratio did not increase significantly.  Interestingly, this optimal value was at a 
transitional air content of 40%, which demarcated the trends of air-void size (Fig. 3.6 a) and 
spacing factor (Fig. 3.6 c) shown previously.   
  Fig. 3.8 (a) also shows the logarithmic fits (solid lines) between the strength to density 
ratio and spacing factor for different w/c ratios.  These fits show good correlation for the FC 
made with various w/c ratios, with a lowest correlation coefficient (R value) of 0.985.  The 
logarithmic relationship between the strength to density ratio and spacing factor was observed 
in the following form. 
ρ))ln(( YLXf cu +=                                   (3.7) 
where, fcu is the cube compressive strength, L  is the spacing factor and ρ  is the density of 
concrete.  The X and Y are the constants which depend on w/c ratio.   
 The compressive strength of FC varied with porosity which is directly proportional to 
the density and it is also influenced by the size of existing voids (Toshio et al. 1991), w/c ratio 
(Kearseley and Wainwright 2001) and aggregate to cement ratio (McCormick 1967) in the 
cement paste.  The relationship between dry density (DD) versus compressive strength (CS) 
and spacing factor (SF) of the FC for different w/c ratios are shown in Fig. 3.9.  The 
compressive strength increasing with increase in density (decrease in w/c ratio) is well aligned 
with the general trend reported for FC by many researchers (ACI 523 1987; Tam et al. 1987; 
and Fujiwara et al. 1995).  Fig. 3.9 shows that the spacing factor increases correspondingly as 
the compressive strength with an increase in the density.  It can also be observed that spacing 
factor increasing correspondingly as the compressive strength with an increase in the density.  
The rate at which the compressive strength and the spacing factor increase with density are 
congruous, suggesting that the spacing factor governs the compressive strength of the FC.  
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  The relationships between compressive strength to density ratio and average air-void 
size of FC for different w/c ratios are shown in Fig. 3.10.  It can be observed that the strength to 
density ratio of FC increases with decrease in air-void size, however, the increase was 
significant for the average air-void sizes lower than 0.15 mm which corresponds to the air 
contents lower than 40% (Fig. 3.6 a) and spacing factor of 0.05 mm (Fig. 3.6 c).  From these 
observations, the air-void system with a spacing factor, average air-void size and air content of 
~ 0.05 mm, 0.15 mm and 40%, respectively seem to be the optimal values for the FC made with 
different w/c ratios, at which high strength FC can be produced in relation to density.  
Interestingly, these values are same as the established values for FCs made with different w/c 
ratios at which the change of air-void system commenced, as was discussed in the previous 
section.  These optimal values may be different for the FC made with other quality of 
preformed foam and binder types.   
Furthermore, the ratios of compressive strength and modulus of elasticity of FC to 
paste is given in Table 3.7.  The compressive strength and modulus of elasticity of pastes with 
0.22, 0.30, 0.40 and 0.50 w/c ratios were 104.6, 83.0, 62.8 and 41.3 MPa and 24, 22, 18 and 12 
GPa, respectively.  From the Fig. 3.8 and Table 3.7, it can be noticed that the inclusion of air-
voids in FC has a greater effect on compressive strength than on the modulus of elasticity.  It 
can also be observed that these ratios seem to decrease with increase in w/c ratio.  These 
observations were verified in the following numerical analysis.   
3.3.1.2   Numerical study: Effect of air-void system on mechanical properties   
 Some of the observations above may be seem to be particular only to the mixtures in 
this study.  To generalize, a numerical analysis was carried out using finite element method to 
study the influence of air-void on the strength and modulus of FC.  To begin, single sized air 
voids arranged in a close hexagonal packing configuration, as shown in Fig. 3.11 (a), was 
assumed for the FC.  This would provide for the most natural and compact arrangement of air-
voids as the spacing between adjacent bubbles would be uniform, although the adoption of a 
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single-sized may be an over-simplification.  The dimensions R and r in the figure refers to the 
maximum possible and actual radius of the air voids.  For the numerical analysis, an arbitrary 
radius of 2r = 0.15 mm (being the overall weighted average void size of the test specimen for 
the FC with w/c of 0.3) was first used and thereafter, the results were factored for the weighted 
average void size of each test specimen, accordingly for all the concretes made with various 
w/c ratios.  The spacing factor was computed from the Power proposed equations (Eqs. 2.1 to 
2.3) using the air content, paste content and specific surface area obtained from the following 
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A total of eight configurations were analysed for r/R ratios ranging from 0 to 0.95.  The 
model was meshed with 20-noded quadratic brick elements as shown in Fig. 3.11 (b).  The top 
and bottom faces of the model were constrained for a symmetry boundary condition while the 
six vertical faces were not restrained.  This would provide an upper-bound solution as in reality, 
the boundary conditions of the vertical faces would range from free to full restraint.   
The reduction in the strength of the FC due to the air void system may be assumed to 
be directly governed by the resulting stress concentration.  To determine this stress 
concentration factor in relation to the applied stress and the corresponding elastic modulus, a 
linear elastic analysis would be adequate.  A prescribed displacement equivalent to 0.1% strain 
was first applied and, from the analysis, the equivalent applied stress was determined.  The 
maximum Von Mises stress was compared with the applied stress to deduce the stress 
concentration factor while the overall modulus of elasticity of the model was determined from 
the applied stress and prescribed strain of 0.1%.  The paste modulus of elasticity (22 GPa for 
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the w/c - 0.3) and Poisson ratio of 0.2 obtained from the experiments have been used as the 
material properties in the numerical analysis and the obtained results are given in Table 3.8.   
 Figs. 3.12 (a) and (b) shows the plots of the ratios of the maximum Von Mises and 
applied stress, and overall and paste modulus of elasticity versus the spacing factor for various 
w/c ratios, respectively.  The strength and modulus ratios increasing with increase in spacing 
factor suggesting that the spacing factor controls the mechanical properties, which is consistent 
with the experimental results.  It can also be observed in the numerical analysis that when the 
spacing factor is larger than 0.05 mm, the strength and modulus ratio decreased at slower rate 
similar to the experimental observations (Figs. 3.8 a and b), notwithstanding the fact that only 
single sized bubbles had been used in the numerical analysis.  Furthermore, the numerical 
results of stress and modulus ratios also seem to be decreasing with increase in w/c ratio, 
similar to experimental results (Table 3.8).   
The experimental results of compressive strength and modulus of elasticity of FC was 
also superimposed on the plots as shown in Figs. 3.12 (a) and (b), respectively for all the w/c 
ratios.  The compressive strength and modulus of elasticity plotted in Figs. 3.12 (a) and (b), 
respectively, had been normalised with the paste compressive strength and modulus of 
elasticity for relative comparison with the numerical analysis.  The over- and under-prediction 
by numerical analysis in Figs. 3.12 (a) and (b) at higher and lower spacing factor, respectively, 
could be due to two factors.  First, in the numerical analysis only single air-void size had been 
used, whereas, in the actual test specimen, the air-voids are not single sized.  Second, only 
linear elastics analysis was carried out to determine the magnitude of stress concentration.  This 
may not be adequate to emulate the size effect and the actual failure mechanism accurately.  
Nevertheless, both numerical and experimental results collectively shows that the introduction 
of air-voids into the FC has a greater effect on the compressive strength than the modulus of 
elasticity and this is more prominent at lower air content, which corresponds to higher spacing 
factor.  This observation seems to be consistent for all the w/c ratios used in this study.   
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Fig. 3.13 shows the variation of air content and spacing factor from experimental and 
numerical analysis.  The numerical curve was based on the presumed air-void arrangement of 
single sized bubble adopted in the numerical analysis.  The relative closeness of both the curves 
suggests that the presumed air-void arrangement may be representative of the configurations of 
the air-void in actual samples.  Furthermore, the variation in the two curves in Fig. 3.13 also 
explains the deviation of the numerical results from the experimental results in Figs. 3.12 (a) 
and (b).  From both the experimental and numerical study, the air-void system with a spacing 
factor, average air-void size and air content of ~ 0.05 mm, 0.15 mm and 40%, respectively are 
found to be the optimal values for the FC made with different w/c ratios, at which high strength 
FC can be produced in relation to density.   
3.3.1.3  Relationship between air content, w/c ratio, density on strength and modulus  
According to the modified Feret formula (Eq. 3.11), the compressive strength of FC is 














     (3.11) 
where fc is the strength, c, w and a are the absolute volumes of cement, water and air 
respectively and K and n are empirical constants.  The value of n = 2 has been suggested for 
normal weight concrete.  In this study, different air contents (10 to 70%) were added to the 
pastes made with different w/c ratios (0.22 to 0.60) to make FCs of different densities (500 to 
2100 kg/m3).  These FCs can be further categorised in two groups to study the clear effect of 
w/c ratio and a/c ratio on compressive strength.  Group I: for a given w/c ratio, the variation of 
strength to density ratio for different air contents and Group II: for a given air content the 
variation of strength to density ratio for different w/c ratios as indicated in Fig. 3.14.  From the 
Group I, it can be observed that for the same w/c ratio, compressive strength of concrete 
decreases with increase of air content (10 to 70%) due to the increase of a/c ratio, whereas, 
from the Group II, for the same amount of air content, compressive strength decreases with 
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increase in w/c ratio (0.22 to 0.60) due to the increase of both w/c ratio and a/c ratio (with 
increase of w/c ratio, cement content will decrease therefore the a/c ratio correspondingly will 
increase).  It can also be noted that the strength to density ratio of FC shows significant 
decrease with increase of air content (for example: for the FC with w/c ratio 0.40, the a/c ratio 
increases from 0.24 to 5.38 with an increase of air contents from 10 to 73%) than with increase 
of w/c ratio (for example: for the FC with 25% air content, the w/c+a/c ratio increases from 
1.20 to 2.71 with an increase of w/c ratios from 0.22 to 0.60).  This is due to that the increase in 
a/c ratio in the former was more significant than the combined increase in w/c and a/c ratio in 
the latter.  For a given air content, FC in Fig. 3.14 shows power relationship, (fcu = X (w/c)Y ρ) 
between strength (fcu) to density (ρ) ratio and w/c ratio (X and Y are the constants) similar to the 
general trend of compressive strength – w/c ratio relationship.   
For compressive strength of porous materials, Balshin (1949) has shown that 
compressive strength can be closely related to their porosity by the equation 
 
( )yP−= 10σσ                                                            (3.12) 
where σ is the compressive strength of the porous material, σ0 the compressive strength of the 
matrix at zero porosity, P the porosity and y a constant.  FC generally contains large air-voids 
due to the introduction of foam and small pores inherent in the paste based on the w/c ratio.  In 
this study only the air content varied in the FC and it is also relatively much larger than the pore 
structure in the paste which in this case is assumed to be unchanged for the mixes made with 
specific w/c ratio.   
Therefore, the relationship between compressive strength of FC in relation to strength 
of paste (without inclusion of air or foam) and air contents (2 to 70%) for different w/c ratios is 
shown in Fig. 3.15.  The air content of 2% was assumed for the pastes made with various w/c 
ratios, as about 2% higher than the designed air contents were observed in the FC made with 
lower air contents (Table 3.7).  In this study the compressive strength (fcu) of FC with all the 
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w/c ratios shows good relationship with air content (A) and paste strength (fcu,p), from which the 




1048.1 Aff pcucu −=                                                  (3.13) 
The eqn (3.13), which is analogous to the Balshin equation (3.12), exhibited a 
correlation coefficient of 0.994 between air content and compressive strength.  However, it 
should be noted that the exact form of the relation may be uncertain as the strength of FC may 
be influenced not only by the entrained air from the preformed foam, but also by entrapped air, 
capillary pores, gel pores, if any present and the shape and size of the pores and its distribution 
(Neville 1997), similar to normal concrete.   
In addition to compressive strength, the modulus of elasticity of FC could also be 
affected by air-void size, air content and w/c ratio.  However, in general, modulus of elasticity 
of concrete is strongly correlated with compressive strength.  In lightweight concretes, modulus 
of elasticity can be expressed as a function of the density of concrete, as well as its compressive 
strength.  The relationship between the modulus of elasticity and compressive strength in 
relation to density of the FCs made with various w/c ratios is shown in Fig. 3.16.  For all the 
w/c ratios, the modulus of elasticity of FC shows good relationship (R = 0.940) with density 
and compressive strength, from which the relationship can be obtained as 
 
2/32/1 )0532.00242.0( ρ+= cufE                                           (3.14) 
where E, fcu, and ρ are the modulus of elasticity, cube compressive strength and density of FC, 
respectively.    
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3.3.2  Fracture toughness  
3.3.2.1  LWC without fibers 
 Fracture toughness is a property which characterizes the resistance of material to crack 
propagation, and is usually expressed in terms of stresses (critical stress intensity factor) or 
energy (critical energy release rate).  The effect of aggregate or air volume and aggregate type 
(density) on fracture toughness of LWAC, FC and FCA is shown in Fig. 3.17.  Fig. 3.17 (a) 
shows the fracture toughness of concretes normalized with the fracture toughness of NWC 
(KicC/Kicnwc) to understand the clear effect of aggregate density (or strength) on toughness.  For 
equivalent mixture proportions except the change of aggregate type, the fracture toughness of 
NWC was observed to be about 70% higher than that of LWAC with L9 aggregate.  This 
substantial difference can be explained by the toughening mechanisms in the fracture process 
zone at the effective crack tip above the original notch in NWC.  From Fig. 2.5, it can be 
understood that the aggregate bridging mechanisms which contribute to non-linear energy 
consumption and increased toughness include aggregate interlock, crack branching, crack 
deflection and crack arresting.  In fact, for NWC, aggregate bridging effects are the most 
crucial factors that influence the fracture toughness.   
 At the same time, bond cracks caused by bleeding exist on the lower side of crushed 
granite in NWC.  In comparison, LWAC exhibits a stronger mortar-aggregate interface zone.  
The bond cracks in NWC provide natural flaw sites to initiate interfacial microcracking which 
may subsequently branch into the cement matrix.  In this way, the bond cracks provide 
mechanisms of crack deflection, crack arresting and crack branching when matrix cracks run 
near or into the interface between mortar and coarse aggregates.  Micro-cracking also helps to 
absorb fracture energy and prevent sudden failure.  These processes are reflected in the 
tortuosity of the fracture plane in NWC, which corresponds to higher fracture toughness than 
LWC.   
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 For equivalent mixture proportions except for the change of aggregate type, the fracture 
toughness of LWAC, made with different densities of expanded clay aggregate, decreased with 
decrease of aggregate density.  For different particle densities ranging from 889 to 1395 kg/m3 
(L5 to L9), the fracture toughness values was found to be 43 to 59% lower than the 
corresponding NWC.  FC showed the lowest toughness, which is of about 90% lower than 
NWC.   
Fig. 3.17 (b) shows the fracture toughness of concretes normalized by the mortar 
fracture toughness (KicC/KicM) to understand the clear effect of aggregate volume on toughness.  
It can be observed that the fracture toughness of NWC and LWAC increased and decreased 
with increase of aggregate volume.  FC shows decrease in fracture toughness with increase in 
air volume.  In the case of LWAC, the decrease in fracture toughness was more significant as 
the density (or strength) of aggregate is decreased.  FC was affected more significantly than the 
LWAC made with expanded clay and pumice aggregates.  The increase in fracture toughness of 
NWC indicates that the crack arresting, crack deflection and bridging effect seemed to be 
significant with increase in aggregate volume.  In the case of LWC, with increase of aggregate 
or air volume, the strong matrix was replaced by the porous nature of the aggregate or air could 
result in lack of toughening mechanisms in the fracture process zone due to the reduction of 
effective cross sectional area of the stronger matrix.  This can also be explained in that fracture 
toughness is a function of flaw density and assuming LWA or air as the flaw in a given 
specimens, increase in LWA or air increases flaw density due to the increased porosity 
resulting in lower fracture toughness values in LWAC and FC than NWC.  The increase in 
aggregate volume from 0.20 to 0.40, exhibited 10 to 15% higher fracture toughness in NWC, 
whereas, it was lower by 16 to 30% in L9C, 20 to 40% in L6C, 45 to 70% in PumC and 42 to 
90% in FC than the reference mortar, respectively.   
 From the Fig. 3.17 (b), it was noticed that increase in air volume in concrete result in 
decrease of fracture toughness.  To understand the effect of sand and LWA volume on fracture 
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toughness in FC, the fracture toughness of FCA was normalized with the FC, as shown in Fig. 
3.17 (c).  It should be noted that matrix quality of FC and FCA was kept constant.  The results 
indicate that the addition of (natural) sand and LWA (L6) to FC shows different behaviour on 
fracture toughness.  The addition of sand shows significant improvement (50 to 80%) in the 
fracture toughness at all the air contents (15, 30 and 45%) than that of the FC.  Whereas, the 
addition of LWA to FC shows less influence on the fracture toughness than the addition of sand 
at all the air contents.  The fracture toughness of FC was observed to be affected significantly 
by the addition of 0.20 volumes of aggregate (both sand and LWA); however, with further 
addition (0.50 volume) it was not affected much.  This considerable increase of fracture 
toughness of FCA with addition of sand could be due to the increased toughening mechanism 
in the fracture process zone with strong sand particles (of up to 4.75 mm size) than the FC.  In 
the case of FC with LWA, since LWA is relatively weak, the crack propagates though the 
aggregate.   
3.3.2.2  Fiber reinforced LWC 
 The effect of fiber and fiber type on toughness of LWAC is shown in Fig. 3.18.  The 
load-deflection curves up to a deflection of 1/150 of the span length (600 mm), which is 
equivalent to 4 mm for different polypropylene fiber percent and fiber type is shown in Figs. 
3.18 (a) and 3.18 (b), respectively.  It can be observed that except in LWAC reinforced with 
steel fiber, the load falls rapidly in all the concretes at the first crack.  The LWAC without fiber 
showed almost a brittle material behaviour (load decreased to zero), and it was failed at a 
deflection of 0.7 mm.  After addition of polypropylene fibers (PP13) of 0.1 to 1.0 percent to 
LWAC, concrete showed ductile behaviour after the initiation of first crack and the ductile 
behaviour was increased with increase in fiber percent (Fig. 3.18 (a), L-D curves).  For the 
same fiber percent (0.5), among the different type of fibers (PP13 and PP20; glass fiber and 
steel fiber), glass fiber and steel fibers showed the least and highest ductility after initiation of 
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first crack, whereas no difference in the L-D curves was observed for polypropylene fibers with 
13 mm and 20 mm long.   
 To understand the effectiveness of fiber on toughness at first crack, normalized 
toughness, which is the ratio of toughness of fiber reinforced LWAC to the plain LWAC 
(without fibers) for different fiber type and percent is shown in Fig. 3.18 (c).  It can be observed 
that up to the addition of 0.30 percent of PP13 did not show any improvement on the toughness 
at first crack.  At 0.50 percent, steel fiber shows 4.2 times that of the plain LWAC at first crack, 
which may be due to the increase of peak load with steel fibers (Table 3.11), whereas 
polypropylene and glass fibers did not exhibited significant improvements.  At 1.0 percent, 
polypropylene fibers exhibited 2.2 times that of the plain LWAC at first crack.  Similar to the 
present study, at low polypropylene fiber percent (0.38 and 0.75) insignificant first crack 
strength was reported by Perez-Pena and Mobasher (1994), and they reported that volume 
fraction of around 1.0 percent or higher are needed for the load carrying capacity to be equal or 
exceed the first crack strength.  From this it can be understood that the first crack toughness 
was not affected much with low amount polypropylene fibers because there are not enough 
fibers to bridge the crack.  Strong fibers like steel fibers may be required to increase the first 
crack toughness.   
 The Fig. 3.18 (c) also shows the total normalized toughness i.e., the ratio of total 
toughness (area under the L-D curve up to a deflection of span/150) fiber reinforced LWAC to 
the plain LWAC.  The results indicate that the toughness of fiber reinforced LWAC increases 
with increase of polypropylene fiber percent.  Although the low percent (< 0.3) of 
polypropylene fibers were not effective in improving the first crack toughness, even 0.1 percent 
of fiber shows 80% higher total toughness than the plain concrete.  It seems that the 
contribution of the fibers towards increasing the toughness is more apparent after the 
occurrence of first crack.  This may be due to that the crack bridging effect and pullout 
resistance of fibers could be active while opening of crack under loading.  The toughness of 
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polypropylene fiber reinforced LWAC with 0.3, 0.5 and 1.0 percent of fibers correspondingly 
resulted about 3.7, 5.6 and 10.1 times that the LWAC without fiber.  A higher percent of fibers 
uniformly distributed though out the concrete will improve fracture toughness because of the 
higher pull-out resistance.  In other words, crack bridging is much more effective when there 
are an adequate number of fibers per unit cross sectional area.  In addition, at 0.50 percent, the 
toughness of polypropylene, glass, and steel fibers resulted in about 5.8, 3.5 and 33 times, 
respectively that of the plain LWAC.  A reason for high toughness of steel fiber reinforced 
LWAC is the strong resistance of steel fibers against pull-out from the concrete.   
For the 0.50 fiber percent, the total toughness of fiber reinforced LWAC for different 
fibers was normalized with the total toughness of LWAC with PP20, as shown in Fig. 3.18 (d).  
It was identified that total toughness of LWAC reinforced with PP13 showed almost similar 
performance (only 10% lower) of PP20.  Whereas, the glass fiber, though it is 25 mm long, 
exhibited poor performance (50% lower) on improving the toughness compared to PP13.  Steel 
fiber showed the best performance among the different fibers and resulted 430% higher 
toughness than the toughness of LWAC reinforced with PP20.  Polypropylene fibers were 
observed to be better than the glass fibers in improving the fracture toughness of LWAC.   
 The effect of fiber percent on toughness of FC was shown in Fig. 3.19.  The L-D 
curves of FC reinforced with polypropylene fibers of 0 to 2.0 percent (Fig. 3.19 a) indicate that 
fiber reinforced FC exhibit the ductility behaviour that increases with increase in fiber percent 
similar to fiber reinforced LWAC (Fig. 3.18 a).  The load after first crack falls rapidly to zero 
for FC without fibers and failed at 0.6 mm deflection, however, with addition of 0.2 percent 
fiber to FC the structural integrity was maintained until the end of test (up to 4 mm deflection).   
 The normalized toughness of fiber reinforced FC at first crack is shown in Fig. 3.19 
(b).  It can be observed that the toughness at first crack was increased (13%) with increase of 
fiber up to 2.0 percent.  Similar to the fiber reinforced LWAC; polypropylene fibers were not 
effective at low percent (0.2) in improving the toughness of fiber reinforced FC at first crack.  
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The first crack toughness mainly depends on the plain concrete (without fibers) toughness; after 
addition of fibers it generally increases with increase in fiber percent.   
The total normalized toughness of FC with and without polypropylene fibers for 
different percent is shown in Fig. 3.19 (c).  It can be seen that the toughness of fiber reinforced 
concrete increases consistently with increase of fiber up to 2.0 percent.  Although the increased 
toughness at first crack initiation is not very significant, the total toughness was found to be 
2.95, 6.6, 10.1 and 14.1 times that of the plain FC at 0.20, 0.50, 1.0, and 2.0 percent of fiber, 
respectively.  This indicates that similar to fibers in LWAC, the fibers also seemed to be 
effective in post cracking (after first crack) behaviour of FC.  The variation of (normalized) 
total toughness of LWAC and FC with fiber percent is shown in Fig. 3.19 (d).  It can be 
observed that the performance of polypropylene fiber in FC seems to be as good as in LWAC 
in improving the toughness of FC.   
3.3.3  Mechanical properties of LWCs and their comparison with NWC 
3.3.3.1  Compressive strength 
The effect of aggregate or air volume and aggregate type on compressive strength of 
concrete are shown in Fig. 3.20.  The compressive strength of concretes was normalized with 
the compressive strength of corresponding mortar or FC.  Fig. 3.20 (a) indicates that the 
compressive strength of LWAC and NWC were decreasing with increase of aggregate volume.  
This can be explained by micro-cracking process taking place during compression test at 
interfacial zone which is a weak zone of aggregate and matrix in the case of NWC.  Kovler and 
Zaitsev (1994) reported that the failure of the specimen is caused by a certain concentration of 
micro-cracks which coalesce into macro-cracks with increased loading.  Hence the addition of 
higher volumes of aggregate reduces the material compressive strength by increasing the 
number of initial defects (or micro-cracks) at interfacial zone.   
Chapter 3: Mechanical properties of LWCs 
 80
The increased interfacial zone, between in NWA and surrounding cement paste, with 
increased volume of aggregate also may results lower compressive strength in NWC 
(Amparano et al. 2000).  In the case of LWC, the filler (aggregate or air) may be the main 
influencing factor in controlling the strength of LWC, because, the interfacial zone between the 
LWA and cement paste and air-void and cement paste were reported to be stronger for LWAC 
(Zhang and Gjorv 1990) and aerated concrete (Narayanan and Ramamurthy 2000) than 
compared to the surrounding matrix.  The decrease of compressive strength with increase of 
LWA volume was inline with the recent study on LWAC (Gesoglu 2004).  The decrease was 
seemed to be significant with decrease of aggregate density (NWA to air).  For equivalent 
mixture proportions and filler volume (at 0.40), NWC concrete resulted less than 10% decrease 
of compressive strength than the mortar, whereas L9C and FC exhibited correspondingly about 
30 and 80% lower compressive strengths.   
The effect of sand and LWA volume on compressive strength FC is shown in Fig. 3.20 
(b).  The normalized compressive strengths indicate that the addition of sand shows higher 
compressive strength than the addition of LWA at all the aggregate volumes (0.20 and 0.50).  
At the addition of 0.20 volumes, sand exhibited about 25 to 50% higher compressive strength 
than FC, whereas for the same volume of LWA, only 12% higher was observed.  The 
significant increase of compressive strength with addition of sand could be due to the 
significant increase of concrete density with sand than that of LWA (Table 3.9).  With further 
addition of aggregates up to 0.50 volumes, FC shows decreased trend of compressive strengths.  
Although the concrete densities were higher with increase of sand volume to 0.5, the reason for 
lower compressive strength could be due to the increased porosity at the interfacial zones of 
sand particles their percolations with each other which would adversely affect the performance 
of concrete (Winslow et al. 1994).  For equivalent mixture proportions, FC with pumice 
aggregate (0.50 volume) exhibited 45% lower compressive strength than L6 aggregate.  This 
may be de to the 30% higher porosity of pumice aggregate than L6.   
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The effect of other parameters such as fibers, mineral admixtures, aggregate size, and 
soaking condition of the aggregate on compressive strength is given in Tables 3.9 and 3.10.  It 
can be noticed that the fibers in FC increased compressive strengths up to 15%, however, in 
LWAC up to 20% drop in strength was observed at 1.0 percent polypropylene fiber addition.  
The addition of silica fume in concretes showed slight increase (14%) in compressive strength.  
The effect of aggregate size was not significant on compressive strength; however, the LWAC 
with aggregates in oven dry condition showed about 12% increase in compressive strength.   
The correlation between cube and cylinder compressive strength was determined from 
3 types of FC (with 15, 30 and 45% air contents) and 6 types of LWAC (with L9, L7, L6, L5, 
Pumice and Liapor 8 aggregates) consisting of 30 numbers of 100-mm cubes and 30 numbers 
of 100 x 200-mm cylinders for each concrete tested at 28th day.  The uniformity and 
homogeneity of all these mixes were studied using ultrasonic pulse velocity measurements and 
their reliability were checked through statistical analysis.  For NWC, it has been reported that a 
value of 1.25 for the conversion of cube to cylinder compressive strength has been used for 
many years although this value ranges from 1.3 for low-strength concretes to about 1.04 for 
high strength concretes (Mindess et al. 2003).  On the other hand, according to BS EN 206 
(2000), for LWAC, a default (safe) value of about 1.11 can be applied for converting cube to 
cylinder compressive strength but higher values might be applied provided the relationship is 
established for the specific LWAC mix (Helland 2000).   
The results from the present study and known correlations for NWC by BS 1881 and 
Mansur and Islam (2002), and for LWAC by BS-EN 206 are shown in Fig. 3.21.  In this study, 
for the type of LWCs studied, the ratio of cube to cylinder compressive strength was 
established as 1.07 and 1.06 for LWAC and FC, respectively.  It can also interpret that the 
effect of specimen geometry on the compressive strength of FC shows similar tendency for 
LWAC and high strength NWC.  Both of the above observed correlation coefficients were used 
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to convert the compressive strengths of the test results in this study, accordingly, where 
necessary.   
3.3.3.2  Tensile strength 
The structural properties of reinforced and prestressed concrete such as the shear 
resistance, anchorage, bond strength and the resistance to cracking, depends on the tensile 
strength; higher the tensile strength better the structural properties.  Here, the tensile strengths 
considered are splitting tensile strength and flexural tensile strength.   
The effect of aggregate or air volume and aggregate type on splitting tensile strength of 
concrete are shown in Figs. 3.22 (a) and 3.22 (b).  The normalized splitting tensile strengths for 
LWAC and FC showed similar trends observed for compressive strength.  It was reported that 
in the case of NWC, the increase in aggregate volume causes easier facture process zone 
formations and thus decrease the tensile strength (Kovler and Zaitsev 1994).  The lower tensile 
strengths in LWC may be due to the limiting strength of LWA, i.e., when the tensile strength of 
mortar or paste is high, tensile stress of LWA can reach the tensile strength without cracks in 
the matrix which limits the tensile strength (FIP Manual 1983) of LWAC and FC with LWA.   
The effect of fibers on splitting tensile strength and flexural tensile strength for LWAC 
and FC is shown in Figs. 3.23 (a) and 3.23 (b).  The normalized tensile strength results indicate 
that the performance of polypropylene fiber (PP13) in improving the tensile strength in LWAC 
was more significant than in FC.  This may be due to the presence of coarse LWA and sand in 
LWAC which might offer better resistance to fibers from pull-out.  Whereas, the FC for the 
present study does not contain any aggregate and the porous nature of FC may offer lower pull-
out strength.  Both splitting tensile strength and flexural tensile strength of LWAC increased 
with increase of fiber percent from 0.1 to 1.0, however, the rate of increase was observed to be 
significant only up to 0.50 percent.  At 0.5 percent, the glass fiber showed the poor 
performance with a 15% increase in both splitting and flexural tensile strength, whereas steel 
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fibers exhibited the best performance with an increase of 28 and 33%, respectively.  Among the 
polypropylene fibers of 13 mm and 20 mm long, longer fiber showed better performance (about 
7% higher) than the shorter in both the strengths.  The increase of splitting tensile strength and 
flexural tensile strength of LWAC with 0.50 percent steel fiber was reported to be 20 and 33% 
percent, respectively by Kayali et al. (1999) and Zhang et al. (2005).  In the case of FC, fiber 
seems to be not effective at 0.2 percent, however, beyond that the rate increase of tensile 
strength was good up to 2.0 percent.  The increase of splitting and flexural tensile strength at 
2.0 percent was observed to be 25%.  Balaguru and Dipsia (1993) reported 30% higher flexural 
tensile strength than the plain concrete (without fibers) with 0.55 percent of steel fibers in semi-
LWAC.   
The variation of the splitting tensile strength and flexural tensile strength with respect 
to compressive strength for all the concretes are shown in Figs. 3.24 and 3.25.  The figures 
indicate that at the same compressive strength, FC containing sand shows slightly higher tensile 
strengths than the FCs without aggregate and with LWA.  The splitting and flexural tensile 
strengths of about 8 - 14% and 14 - 23% of the compressive strength, respectively, was 
observed in FCs with and without aggregates.  In the case of LWAC, these values are about 6 - 
14% and 10 to 29%, respectively.  These values are about 8 - 14% and 11 to 23%, respectively 
for NWC (Mindess et al. 2003).  However, the corresponding percentages of up to about 14% 
and 30% has been reported for LWAC (ACI 213 2003), and up to 35% has been reported for 
flexural tensile strength for cellular concretes (Valore 1954).  The reason for the slightly higher 
tensile to compressive strength ratios in LWCs may be due to that for the same compressive 
strength, higher requirement of matrix strength and stronger interfacial zones between LWA 
and matrix than compared to NWC.    
The relationships suggested between splitting tensile strength and compressive strength 
for LWAC by FIP manual (1983), Slate et al. (1986), Curcio et al. (1998) and Wee (2005); 
NWC by Raphael (1984), Ahmad and Shah (1985), and Rashid et al. (2002), and for FC by 
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Wee (2005) are also included in Fig. 3.24.  It can be observed that except for the relationships 
suggested by Ahmad and Shah (1985) and FIP manual (1983), the results of LWCs from this 
study correlated well with the relationships suggested by other authors.  In particular, the 
relationships suggested by Wee (2005) for FC suits well with the results of FC.  For the FCA 
and LWAC the relationship suggested by Raphael (1984) correlated fairly well for the strength 
ranges covered in this study.  However, based on the substantial experimental results from the 
present study (about 250 data points) the following relationship between splitting tensile 
strength (fct) and cylinder compressive strength (fc’ ranging from 6 to 60 MPa) can be observed 
for LWAC with a correlation coefficient of 0.92.   
69.0
'28.0 cct ff =      (3.15) 
Similarly, the relationships between flexural tensile strength and compressive strength 
suggested for autoclaved aerated concrete (AAC) by Valore (1954) and RILEM (1993), LWAC 
by FIP manual (1983), Zhang and Gjorv (1991), Curcio et al. (1998) and Wee (2005); and 
NWC by Ahmad and Shah (1985) are also included in Fig. 3.25.  The two relationships 
suggested for AAC over-estimated the tensile strengths for FC.  This may be due to that the 
relationships were based on compressive strengths up 20 MPa and also for autoclaved curing of 
aerated concretes.  The relationships suggested by different researchers were observed to be 
underestimating the flexural tensile strengths of FC without aggregate and with sand for 
compressive strengths higher than 35 MPa.  Whereas, most of these relationships, except AAC 
are correlates fairly well with the LWAC results.  However, based on the experimental results 
of FC and LWAC from the present study, the relationship between flexural tensile strength (fr) 
and cylinder compressive strength (fc’ ranging from 6 to 60 MPa) can be observed for FC and 
LWAC, respectively as follows.   
83.0
'31.0 cr ff =  (R= 0.98)      FC  (3.16) 
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613.0
'53.0 cr ff =  (R = 0.94) LWAC  (3.17) 
3.3.3.3  Fracture toughness  
The effects of different parameters such as aggregate type, aggregate volume, 
fiber type and fiber volume on toughness of LWCs were discussed earlier (§3.3.2).  In 
this section, to understand the fracture toughness behaviour of FC in comparison with 
LWAC and NWC, the fracture toughness of all these concretes were plotted against the 
flexural tensile strength as shown in Fig. 3.26.  As the fracture toughness test conducted 
in this study was under flexural loading, the comparison of fracture toughness with 
flexural tensile strength may be more appropriate than any other parameters.  The NWC 
data reported by Shah et al. (1998) and Weiss et al. (1998) was considered for the 
comparison.  It should be noted that the above authors reported cylinder compressive 
strength and fracture toughness.  Therefore, for a given cylinder compressive strength, 
flexural tensile strength for NWC was estimated using the flexural tensile strength 
prediction equation by Ahmad and Shah (1985), due to its better accuracy than the 
other equations (discussed in §3.3.3.2).   
 From the Fig. 3.26, it can be observed that the fracture toughness of different 
concretes show good correlation with flexural tensile strengths ranging from 2 to 8 
MPa.  Results indicate that the FC and NWC shows lower and higher fracture 
toughness values, respectively than the LWAC.  The rate of increase of fracture 
toughness was seems to be decreasing with increase in flexural strength from NWC to 
FC.  For a give flexural tensile strength (6 MPa), NWC shows 42 and 185% higher 
fracture toughness than the LWAC and the FC without aggregate, respectively.  For all 
the type of concretes (NWC, LWAC, FC and FCA), only plain concrete (without fiber) 
was considered in this comparison, the higher value of fracture toughness in NWC 
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highlights that the stronger aggregate and the better toughening mechanism in the 
fracture process zone are very important to improve the fracture toughness (resistance) 
of concrete.  Among the FC and FCA, the results indicate that the fracture toughness of 
FC can be improved with the addition of aggregates (sand and LWA).  However, for a 
given flexural tensile strength, the improvement of FC was significant with the addition 
of sand (50%) than the LWA (18%).  Based on the comparison of the results, the 
following relationships can be drawn between the fracture toughness ( sicK ) and flexural 
tensile strength ( rf ) for NWC, LWAC and FC, respectively.   
859.0408.7 r
s
ic fK =  R = 0.92 for NWC  (3.18) 
971.0255.4 rsic fK =  R = 0.80 for LWAC  (3.19) 
831.0715.2 rsic fK =  R = 0.92 for FC  . (3.20) 
562.0731.6 r
s
ic fK =  R = 0.89 for FC with sand (3.21) 
727.0854.3 rsic fK =  R = 0.72 for FC with LWA (3.22) 
Brittleness is commonly understood to be the tendency for a material to fracture 
abruptly before significant irreversible deformation has developed.  Plain concrete generally 
exhibits more brittle behaviour than compared to fiber reinforced concrete.  A frequently used 
parameter to describe brittleness for cementitious materials is the characteristic length (Lch), 










EGL ==       (3.23) 
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where E, G, ft and Kic are the modulus of elasticity, fracture energy, tensile strength and 
fracture toughness of concrete.  The smaller the characteristic length, the more brittle is the 
material.  From the Eq. 3.21, it can be understood that for a given flexural tensile strength, the 
characteristic length for NWC can be expected to be higher due to its significantly higher 
fracture toughness than the LWAC, FC and FCA (as cracks propagate through the LWA and 
air-voids in LWC).  Therefore it can interpret that the fracture behaviour of LWC with and 
without aggregates could be more brittle than the NWC.   
3.3.3.4  Modulus of elasticity of aggregates and concretes 
The modulus of elasticity of concrete has been considered as a vital factor in designing 
concrete structures.  It depends on the modulus of elasticity of its constituents, i.e. the aggregate 
and the hardened cement paste, and on their proportions by volume in the concrete.  To 
understand the affect of aggregate modulus on concrete modulus better, the modulus of 
elasticity of different aggregates were estimated based on the models suggested by different 
researchers (Annex 2) using the experimental modulus of elasticity of the mortar and the 
concretes designed for different type and volume of coarse aggregate, are summarized in Table 
3.12.  From the Table 3.12, the mean modulus of elasticity of the different LWA indicates that 
the modulus of LWA was observed to be 60 to 90% lower than the modulus of NWA.  The 
statistical analysis results from the estimated modulus of elasticity of the aggregate indicates 
that the models suggested by different researchers (Annex 2) were observed to be good for 
estimating the modulus elasticity of strong aggregates than weak aggregates.   
Generally, modulus of elasticity of LWA is mainly influenced by the particle density of 
LWA.  Therefore, the modulus of elasticity and particle density of LWA reported in literature 
were compiled with the particle density of the LWA used in this study and the estimated 
modulus of elasticity of LWA from earlier models as shown in Fig. 3.27.  The modulus of 
elasticity prediction equation for LWA reported by FIP Manual (1983) is also included in the 
same figure.  It can be observed that the prediction models resulted in wide range of modulus of 
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elasticity values for the LWAs for a given particle density of LWA.  Among all the models, 
Reuss (1965) and Voigt (1965) models resulted in higher and lower modulus of elasticity 
values for LWA.  The models suggested by Popovics (1970), Hansen (1965), Hirsch (1962) and 
Balendran (1994) are found to exhibit close relationships with the prediction model of FIP 
Manual (1983) and with Muller-Rochholz (1979) results, which were tested using ultrasonic 
pulse velocity method for wide range particle density of LWA.  The results indicate that the 
modulus of elasticity of different LWAs ranged between 3 to 18 GPa, for the corresponding 
particle densities raging from 0.5 to 1.5 g/cm3.  Since the higher volume of concrete is 
generally occupied by the coarse aggregate, its lower stiffness could influence the concrete 
stiffness substantially.  It was reported in the FIP manual (1983) that the modulus of elasticity 
of the aggregate depends not only on the density but also on the materials of which the 
aggregate consists and on the pore structure, i.e. the shape and volume of pores in the aggregate 
as well as on irregularities of the texture.  The distribution of stress and the magnitude of stress-
peaks in the vicinity of the aggregate particles in the concrete are a consequence of the relation 
of the stiffness of mortar and aggregate as well as their Poisson’s ratios.  Therefore, the 
modulus of elasticity of the aggregate affects also that of the LWC as well as its strength.   
The effect of aggregate or air volume and aggregate type on modulus of elasticity of 
concrete are shown in Figs. 3.28 (a) and 3.28 (b).  The normalized modulus of elasticity of 
concretes indicates that the concrete modulus increases with increase in NWA volume, whereas 
it decreases with increase in LWA volume.  The reason can be explained that aggregate 
modulus of the former was higher and the latter was lower than the modulus of mortar matrix 
(Tables 3.10 and 3.12).  For equivalent mixture proportions, concretes exhibited lower modulus 
values with decrease in particle density of aggregate.  In the case of FC, the increased addition 
of sand volumes show increased modulus of elasticity up to 0.50 volumes.  At 0.50 volume of 
sand, FC with sand exhibited 60 to 80% higher modulus of elasticity than FC without 
aggregate.  Whereas, the addition of higher volumes of LWA (0.50 volume) was observed to be 
not beneficial and resulted in 10 to 30% lower modulus of elasticity than FC without aggregate.  
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Generally, in most cases the modulus of elasticity of LWAC is 40 to 80% lower than that of 
NWC (Mindess et al. 2003).  Moreover, foam (air) may also lower the modulus of elasticity of 
the matrix similar to entrained-air in NWC (Bremner and Holm 1986).   
The relationship between the modulus of elasticity and compressive strength for all the 
concretes are shown in Fig. 3.29.  It can be observed that the FCs containing LWA and sand 
showed higher modulus of elasticity than foam concretes without aggregate for the same 
compressive strength.  The equation suggested by Rashid et al. (2002) was included in Fig. 3.28 
for comparison with NWC.  It can be observed that the modulus of elasticity of LWAC is 
significantly lower than the curve plotted for NWC.  FC without aggregates are even 
significantly lower than the LWAC.  In the case of FC, air (foam), which has no modulus, 
replacing the coarse aggregate can be expected to result in lower modulus values than LWAC 
and NWC.  From the Fig. 3.29, it can be observed that the FC with sand and LWA shows 
almost comparable modulus of elasticity values with LWAC.  Whereas, for the same 
compressive strength, the modulus of elasticity of FC without aggregate was observed to be 20 
to 50% lower than that of LWAC.   
Some of the relationships suggested between modulus of elasticity and compressive 
strength for AAC by Valore (1954), LWAC by Curcio et al. (1998), Slate et al. (1986) and ACI 
318 (2004) and NWC by Rashid et al. (2002) and ACI 318 (2004) are also plotted in Fig. 3.29.  
The results correlated fairly well with the equations suggested by ACI 318-02 as was first 
suggested by Pauw (1965), Slate et al. and Valore for FC with sand and LWA but over-
estimated for FC without aggregate.  Pauw’s equation was also suggested by ACI 523 (1987) 
and Legatski (1967) for the prediction of modulus of elasticity of FC.  The FC without 
aggregate correlated fairly well with the modulus of elasticity relationship suggested by Curcio 
et al. for LWAC.  However, based on the substantial experimental results of FC without 
aggregate and LWAC from the present study, the relationship between modulus of elasticity 
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(E), density of concrete ( ρ ) and cylinder compressive strength (fc’ ranging from 6 to 60 MPa) 
can be observed for FC without aggregate (Eq. 3.14) and LWAC (Eq. 3.24).   
( ) 2/32/1'0678.0030.0 ρcfE +=  for LWAC  (3.24) 
3.3.3.5  Stress-strain behaviour 
The stress-strain behavior of FCs without aggregate and with sand, designed for same 
w/b ratio, is shown in Fig. 3.30 (a) and 3.30 (b), respectively.  The stress-strain behavior of FC 
without aggregate, with sand and with LWA for same w/b ratio and comparable density (about 
1600 kg/m3) is shown in Fig. 3.30 (c).  The figures indicate that all concretes under 
compression showed almost linear stress-strain behavior up to failure and thereafter collapsed 
abruptly.  The stress-strain behavior of concrete with LWA and without sand showed more 
linearity than concrete with sand for the same density and w/b ratio.  Concretes containing sand 
showed some non-linearity and this increased with increase in s/b ratio.  In the experiments, 
brittle failure was observed for all these concretes.  This also may be because when cracks start 
to appear in matrix, the failure is not restricted by the coarse aggregate which is the case for 
NWC.  Instead, the crack propagates through the LWA in the case LWAF concretes, causing 
abrupt collapse of the concrete.  Hence, failure of the concrete occurs very fast once cracks start 
to form in the matrix.  This exhibition of high brittleness followed by abrupt collapse is 
probably due to the structure of the thin pore cell walls of the matrix which fail by stability 
breakdown (Widmann and Enoekl 1991).   
The stress-strain behavior of FC without aggregate with different air contents (Fig. 3.30 
a) indicates that an increase in air-content reduces the steepness of the stress-strain curve 
considerably but the reduction of strain at failure was less significant.  The minimum and 
maximum ultimate strains at peak stresses were 2.50 mm/m and 3.47 mm/m for the 
corresponding air contents of 53% and 8%, respectively.  For the FC with sand, the minimum 
and maximum ultimate strains at peak stresses were 1.89 mm/m and 2.89 mm/m for the 
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corresponding s/b ratios of 0.5 and 1.5, respectively.  It was also observed that the ultimate 
strains at peak stresses were different for different concretes and FC with LWA showed lowest 
strain in this study.  These strains were higher than that typically observed for NWC at the 
same compressive strength level, the strain of about 2.3 mm/m was reported for 58 MPa 
strength (Wee et al. 2000), whereas it was 3.47 mm/m from this study for the FC without 
aggregate.  These higher strains at peak stress may be due the higher deformability of the 
LWCs.  Higher strains are not uncommon in LWCs, the strains of about 2.74 to 3.64 and 3.3 to 
4.6 mm/m were reported for LWAC earlier by FIP Manual (1983), and Zhang and Gjorv 
(1991), respectively.   
3.3.3.6  Poisson’s ratio 
Poisson's ratio (ν), is the ratio of the relative contraction strain, or transverse strain 
(normal to the applied load), to the relative extension strain, or axial strain (in the direction of 
the applied load). While this property varies slightly with age, test conditions and physical 
properties of the concrete, a value of 0.20 may be usually assumed for practical design 
purposes. An accurate evaluation can be obtained for a particular concrete by testing according 
to ASTM C 469.  In this study, the Poisson’s ratios for the FC, FCA, LWAC with expanded 
clay and pumice aggregates, were found to be in the range of 0.18 to 0.24, 0.15 to 0.20 and 0.16 
to 0.27, respectively.  Tests to determine Poisson’s ratio by static method for LWC and NWC 
gave values that varied between 0.15 and 0.25 and averaged 0.2 [ACI 213]. The Poisson’s 
ratios of LWC tested with resonance methods by Reichard (1964) ranged from 0.16 to 0.25 
with the average being 0.21.  Poisson’s ratio for saturated concrete lied in the range of 0.2 to 
0.3, but averaged 0.18 upon drying. This change is not completely reversible on re-saturation. 
For different concretes, Poisson’s ratio generally falls in the range of 0.15 to 0.2, but the 
variation as a function of concrete properties is not known precisely. When determined 
dynamically, the value is somewhat higher, averaging about 0.24 and this is probably more 
representative of the elastic behaviour (Mindess at al. 2003).  For autoclaved aerated concrete 
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(AAC) the range of 0.15 to 0.23 is suggested and for practical applications an approximate 
value of 0.2 is recommended (RLEM 1993)  
3.4  Summary 
From both the experimental and the numerical analysis, it was found that the 
air-void system and w/c ratio influences mechanical properties of FC significantly.  For 
different w/c ratios and air contents adopted, it was collectively found that the air-void 
system with a spacing factor, air-void size and air content of 0.05 mm, 0.15 mm and 
40%, respectively were found to be optimal at which high strength to weight ratio can 
be achieved.  The rheological properties of cement paste were found to be changing 
with w/c ratio and SP.  The compressive strength of FC seems to be influenced by the 
spacing factor, w/c ratio and air content in relation to density.  The air content in FC 
has greater effect on compressive strength than the w/c ratio.  The results also indicated 
that the inclusion of air-voids in FC had greater effect on compressive strength than the 
modulus of elasticity and it increases with increase of w/c ratio.  From both the 
experimental and the numerical analysis, it was noticed that for a given w/c ratio, the 
combined effect of spacing factor and average air-void size controls the mechanical 
properties of FC.   
The fracture toughness results indicate that for equivalent mixture proportions, 
the fracture toughness of LWAC and FC with and without aggregates were found to be 
significantly (50 to 80%) lower than NWC.  Use of higher volume of LWA is also not 
beneficial in improving the fracture toughness of LWAC, due to its porous nature.  
Fracture toughness of LWAC decreases with increase in LWA (or air) volume and 
decrease in LWA density.  Fibers help to increase the toughness of both LWAC and 
FC.  The performance of fibers in improving the toughness of FC was also found to be 
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as good as in LWAC.  Among the different fibers, steel and glass fibers exhibited best 
and worst performance, respectively and polypropylene fibers falls in between.   
The effect of LWA or air volume and LWA density/type on various mechanical 
properties indicates that the properties are reducing with increase in LWA or air 
volume and decrease in LWA density.  For a given FC without aggregate, addition of 
sand instead of LWA is found to be beneficial in improving the mechanical properties. 
It was observed that modulus of elasticity of LWA was decreasing with decrease in the 
particle density of aggregate.  The modulus of elasticity of LWA was observed to be 60 
to 90% (L9 to pumice) lower than the modulus of NWA.   
The mechanical properties such as compressive strength, tensile strength, 
modulus of elasticity, stress-strain behaviour and fracture toughness of both LWAC and 
FC were discussed in comparison with NWC.  The correlations between the mechanical 
properties of FC with and without aggregate in comparison with LWAC and NWC 
were also reviewed by considering the experimental data from this study and available 
empirical models from the literature.  The possible empirical models for various 
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Table 3.1  Physical properties and chemical compositions of cementitious materials 
 




SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O 
OPC 3.15 3130 20.57 5 3.23 64.3 2.35 2.57 0.7 0.07 
GGBS 2.90 4480 32.50 13.80 0.2 42.9 5.8 2 - - 
Silica fume 2.20 20000 93.10 - 0.90 0.35 - 0.27 - - 
 
Table 3.2  Physical properties of LWA 










(%) 1 hour 24 hour 
Leca 900 (L9) 5-20 1395 5.11 8.09 44.42 
Leca 800 (L8) 5-20 1270 8.00 14.50 47.12 
Leca 700 (L7) 5-20 1146 6.49 9.78 53.10 
Leca 600 (L6) 5-20 968 7.11 12.10 60.74 
Leca 500 (L5) 5-20 889 7.81 12.26 63.59 
Pumice (Pum) 5-20 641 67.23 71.64 77.21 
EPS (EPS) 1-3 29 - - - 
L9 (5-10 mm) 5-10 1440 6.58 8.23 44.16 
L9 (10-20 mm) 10-20 1468 6.20 7.96 43.33 
 
 
Table 3.3  Physical properties of fibers   
                 Fiber 
    Properties Polypropylene Glass 
Hooked end 
Steel 
Length (mm) 12, 20 25 30 
Aspect ratio 109, 182 500 80 
Specific gravity 0.91 2.7 7.9 
Tensile strength (MPa) 400 1400 1050 
Modulus of elasticity (GPa) 3.5 – 3.9 74 200 
Ultimate elongation (%) 15 2 18 – 22 
 
 
Table 3.4 (a)  Mix details of FC to study air-void system  
 
      w/c ratio 
Mix 
designation 
0.22 0.30 0.40 0.50 0.60 
FC-70 √ √ √ √  
FC-60 √ √ √ √  
FC-50 √ √ √ √  
FC-40 √ √ √ √  
FC-25 √ √ √ √ √ 
FC-10 √ √ √ √  
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Table 3.4 (b) Mix proportions and parameters considered for FC and FCA 
      

















Foamed concrete with 0 to 
0.50 volumes of sand  
2 FCS15-0.2 1:0.57:0:0.94:0.34 0.2 




5 FCS30-0.2 1:0.69:0:0.94:0.83 0.2 




8 FCS45-0.2 1:0.88:0:0.94:1.59 0.2 
9 FCS45-0.5 1:3.54:0:0.94:1.59 0.5 







Foamed concrete with 
0 to 0.50 volumes of 
LWA (L6) 
10 FCA15-0.2 1:0:0.57:0.94:0.34 0.2 




12 FCA30-0.2 1:0:0.69:0.94:0.83 0.2 




14 FCA45-0.2 1:0:0.88:0.94:1.59 0.2 
15 FCA45-0.5 1:0:3.54:0.94:1.59 0.5 







16 FC30-pp0.2 1:0:0:0.94:0.83 PP0.2% 
17 FC30-pp0.5 1:0:0:0.94:0.83 PP0.5% 
18 FC30-pp1.0 1:0:0:0.94:0.83 PP1.0% 
19 FC30-pp2.0 1:0:0:0.94:0.83 PP2.0% 
4.  Effect of mineral admixtures 
20 FC30-0 
0.3 0.30 1:0:0:0.94:0.83  
0 
21 FC30-s10 sf10% 
4 FC30-g50 ggbfs50% 
22 FC30-gs4010 ggbfs40+sf10% 
5.  Effect of aggregate type (L6 and Pumice) 
13 FCA30-0.5L6 0.3 0.30 1:0:2.78:0.94:0.83  
0.5 
 
23 FCA30-0.5Pum 0.5 
#
 C:S:CA:W:F: Cement:Sand:Coarse Aggregate:Water:Foam  
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Table 3.5  Mix proportions and parameters considered for LWAC 
 
 
     

















1.  Effect of w/c ratio 
1 L9wc-0.30 0.30 
0.40 
1:1.82:2.51:0.95 
LWAC with different w/c ratios (L9 aggregate – 0.40 vol.);  
L9wc-0.30: LWAC with L9 aggregate and 0.30 w/c ratio.   
2 L9wc-0.40 0.40 1:1.82:2.72:1.26 
3 L9wc-0.50 0.50 1:1.82:2.93:1.58 
4 L9wc-0.56 0.56 1:1.82:3.05:1.76 




Concrete with different type of fillers (NW, L9, L6, Pum. and air) and 
volumes (0 to 0.50) 
L9av-0.30: LWAC with L9 and 0.30 volume of aggregate 
6 NWav-0.20 0.20 1:1.82:1.02:1.26 
7 NWav-0.40 0.40 1:1.82:2.72:1.26 
8 L9av-0.20 0.20 1:1.82:1.02:1.26 
9 L9av-0.30 0.30 1:1.82:1.75:1.26 
2 L9av-0.40 0.40 1:1.82:2.72:1.26 
10 L9av-0.50 0.50 1:1.82:4.09:1.26 
11 L6av-0.20 0.20 1:1.82:1.02:1.26 
12 L6av-0.40 0.40 1:1.82:2.72:1.26 
13 Pumav-0.20 0.20 1:1.82:1.02:1.26 
14 Pumav-0.40 0.40 1:1.82:2.72:1.26 
15 FCav-0.20 0.20 1:1.82:1.02:1.26 
16 FCav-0.30 0.30 1:1.82:1.75:1.26 
17 FCav-0.40 0.40 1:1.82:2.72:1.26 
18 FCav-0.50 0.50 1:1.82:4.09:1.26 
3.  Effect of aggregate density 
7 NWC 0.40 0.40 1:1.82:2.72:1.26 2.65 Concrete with different type or density of fillers (NW, L9, L8, L7, L6, L5, Pum., EPS and air) 2 L9C 1.39 
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19 L8C 1.27 L9C: LWAC with L9 aggregate 
20 L7C 1.15 
12 L6C 0.97 
21 L5C 0.89 
14 PumC 0.64 
22 EPS 0.02 
17 FC 0 
4. Effect of fibers 
3 L9C0 
0.50 0.40 1:1.82:2.93:1.58 
 
0 
L9Cpp0.5: LWAC with L9 aggregate and 0.50 
percent of polypropylene fibers  
23 L9Cpp0.1 PP0.1% 
24 L9Cpp0.3 PP0.3% 
25 L9Cpp0.5 PP0.5% 
26 L9Cpp1.0 PP1.0% 
27 L9Cppl0.5 PPl0.5% 
28 L9Cgf0.5 GF0.5% 
29 L9Cstf0.5 SF0.5% 
5. Effect of aggregate size  
30 L9C5-10 




31 L9C10-20 s10-20 mm 
2 L9C5-20 s5-20 mm 
6. Effect of aggregate soaking condition 
32 L9C 0hr 




33 L9C 1hr 1 hr 
2 L9C 24hr 24 hr 
7. Effect of mineral admixtures 
2 L9C0 
0.4 0.4 1:1.82:2.72:1.26 
 
0 
34 L9CS10 sf10% 
35 L9CG50 ggbfs50% 






Table 3.6  Statistical analysis of air content and air-void size of FC for different w/c 




Air content (%) Air-void size (mm) 
Mean SD COV Mean SD COV (%) 
w/c ratio – 0.22 
FC-70 1 
70.69 5.14 7.271 0.304 0.034 11.086 
2 72.13 4.93 6.835 0.318 0.042 13.176 
FC-60 
1 63.84 5.76 9.023 0.233 0.033 14.206 
2 63.62 5.28 8.299 0.214 0.032 15.000 
FC-50 1 53.95 4.58 8.495 0.122 0.012 9.426 
2 53.82 5.26 9.764 0.121 0.014 11.240 
FC-40 
1 36.79 2.58 7.010 0.098 0.013 13.367 
2 37.04 3.45 9.306 0.103 0.012 11.165 
FC-25 1 21.23 2.03 9.557 0.080 0.006 7.615 
2 21.85 1.26 5.748 0.081 0.009 11.496 
FC-10 
1 11.21 1.50 13.381 0.077 0.010 12.322 
2 11.36 1.54 13.556 0.080 0.012 14.787 
w/c ratio – 0.30 
FC-70 1 72.15 3.29 4.569 0.226 0.0130 6.128 
2 71.58 4.33 5.553 0.234 0.0247 10.559 
FC-60 1 62.28 5.69 9.147 0.181 0.0123 6.929 
2 63.70 3.44 5.631 0.177 0.0082 4.967 
FC-50 1 56.36 3.48 5.944 0.160 0.0116 6.839 
2 57.03 1.96 3.267 0.154 0.0092 5.338 
FC-40 
1 42.32 5.05 11.94 0.121 0.0102 9.134 
2 41.62 1.53 3.668 0.118 0.0065 6.234 
FC-25 1 26.90 5.54 12.139 0.110 0.0091 8.857 
2 25.96 2.73 10.247 0.113 0.0073 7.528 
FC-10 
1 11.47 3.00 12.881 0.099 0.0174 13.681 
2 11.82 1.53 12.342 0.102 0.0135 11.862 
w/c ratio – 0.40 
FC-70 
1 70.84 5.73 8.089 0.279 0.035 12.473 
2 73.59 7.22 9.808 0.277 0.043 15.343 
FC-60 1 62.44 5.93 9.494 0.199 0.022 10.955 
2 62.31 6.06 9.726 0.197 0.028 14.264 
FC-50 1 55.36 5.95 10.748 0.172 0.021 11.977 
2 55.13 7.12 12.915 0.166 0.016 9.518 
FC-40 
1 40.63 4.67 11.482 0.135 0.012 8.963 
2 42.60 4.75 11.150 0.136 0.013 9.559 
FC-25 1 25.36 3.74 14.748 0.126 0.021 16.984 
2 26.60 3.71 13.947 0.127 0.020 16.063 
FC-10 
1 10.54 1.51 14.326 0.119 0.017 14.034 
2 10.87 1.46 13.431 0.122 0.013 10.328 
 99
w/c ratio – 0.50 
FC-70 1 71.88 5.33 7.415 0.275 0.014 5.236 
2 73.00 4.76 6.521 0.282 0.022 7.801 
FC-60 1 61.00 4.05 6.639 0.195 0.014 7.385 
2 61.86 4.76 7.695 0.194 0.022 11.340 
FC-50 1 55.69 3.52 6.321 0.173 0.016 9.364 
2 56.00 7.34 13.107 0.175 0.015 8.286 
FC-40 
1 41.09 4.31 10.489 0.147 0.018 12.041 
2 40.22 3.78 9.398 0.147 0.016 11.088 
FC-25 1 25.33 3.27 12.910 0.138 0.019 13.986 
2 24.08 2.88 11.960 0.139 0.013 9.281 
FC-10 
1 10.52 1.46 13.878 0.124 0.013 10.484 
2 9.68 1.28 13.223 0.126 0.012 9.683 
w/c ratio – 0.60 
FC-25 1 26.78 2.03 7.588 0.142 0.014 9.648 
2 26.21 3.29 12.552 0.140 0.018 12.714 







Table 3.7  Air-void system, density, compressive strength and modulus of elasticity of FC 
































w/c ratio – 0.22 
FC-70 693 611 73.33 71.41 0.311 2.490 0.0270 0.042 0.105 
FC-60 862 766 63.28 63.73 0.224 2.687 0.0270 0.061 0.145 
FC-50 1065 970 53.23 53.89 0.122 4.270 0.0315 0.113 0.203 
FC-40 1412 1320 38.16 36.91 0.101 3.208 0.0540 0.242 0.464 
FC-25 1705 1630 23.09 21.54 0.081 2.468 0.0847 0.497 0.735 
FC-10 2055 1970 8.03 11.29 0.078 1.525 0.1435 0.811 0.942 
w/c ratio – 0.30 
FC-70 606 456 73.33 71.87 0.230 3.260 0.0209 0.025 0.049 
FC-60 812 675 63.28 62.99 0.179 3.450 0.0260 0.052 0.090 
FC-50 1033 888 53.23 56.70 0.157 3.610 0.0321 0.097 0.192 
FC-40 1310 1185 38.16 41.97 0.120 3.770 0.0420 0.249 0.345 
FC-25 1620 1495 23.09 26.43 0.112 2.635 0.0698 0.448 0.598 
FC-10 1935 1825 8.03 11.65 0.101 1.605 0.1439 0.702 0.909 
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w/c ratio – 0.40 
FC-70 562 455 73.33 72.22 0.278 2.860 0.0231 0.027 0.055 
FC-60 777 642 63.28 62.38 0.198 3.520 0.0276 0.056 0.118 
FC-50 985 847 53.23 55.25 0.169 3.310 0.0341 0.115 0.219 
FC-40 1250 1135 38.16 41.62 0.136 2.885 0.0501 0.252 0.395 
FC-25 1520 1448 23.09 25.98 0.127 1.860 0.0925 0.463 0.637 
FC-10 1800 1706 8.03 10.71 0.121 1.260 0.1890 0.697 0.864 
w/c ratio – 0.50 
FC-70 535 433 73.33 72.440 0.279 2.810 0.023 0.033 0.060 
FC-60 725 610 63.28 61.430 0.195 3.300 0.027 0.067 0.117 
FC-50 875 765 53.23 55.845 0.174 3.082 0.038 0.138 0.184 
FC-40 1168 1060 38.16 40.655 0.147 2.857 0.051 0.248 0.317 
FC-25 1425 1320 23.09 24.705 0.139 1.943 0.100 0.470 0.521 
FC-10 1635 1533 8.03 10.100 0.125 1.485 0.209 0.687 0.824 
w/c ratio – 0.60 
FC-25 1336 1233 23.09 26.49 0.141 3.24 0.054 - - 
 












0 0 - 1 1 
0.25 1.157 0.389 0.717 0.979 
0.5 9.256 0.157 0.590 0.84 
0.75 31.239 0.055 0.374 0.529 
0.85 45.475 0.030 0.252 0.370 
0.9 53.981 0.021 0.187 0.288 
0.93 59.561 0.017 0.151 0.241 
0.95 63.487 0.014 0.131 0.213 
#
  σapplied – Applies stress;  σmises – Von Mises stress;  
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1.  Effect of sand volume  
1 FCS15-0 1799 46.15 3.30 7.63 15.27 15.12 
2 FCS15-0.2 1952 56.49 4.57 7.79 21.20 23.65 
3 FCS15-0.5 2200 51.64 3.77 7.62 27.39 22.80 
4 FCS30-0 1494 25.40 2.82 4.66 11.19 9.20 
5 FCS30-0.2 1715 38.71 3.25 7.35 17.15 16.71 
6 FCS30-0.5 2047 27.27 3.37 4.84 19.09 17.03 
7 FCS45-0 1190 13.89 1.73 2.94 8.08 6.88 
8 FCS45-0.2 1472 20.76 2.23 3.13 10.75 12.09 
9 FCS45-0.5 1895 13.39 1.96 2.92 13.53 12.86 
2.  Effect of LWA volume 
1 FCA15-0 1799 46.15 3.30 7.63 15.27 15.12 
10 FCA15-0.2 1650 45.04 3.04 5.82 16.49 12.71 
11 FCA15-0.5 1444 23.65 2.42 3.31 11.15 12.26 
4 FCA30-0 1494 25.40 2.82 4.66 11.19 9.20 
12 FCA30-0.2 1413 28.35 2.30 4.17 12.15 9.89 
13 FCA30-0.5 1295 20.91 2.13 2.83 9.14 11.00 
7 FCA45-0 1190 13.89 1.73 2.94 8.08 6.88 
14 FCA45-0.2 1170 15.34 1.83 2.64 7.51 6.32 
15 FCA45-0.5 1139 12.26 1.70 2.22 6.66 5.79 
3.  Effect of polypropylene fibers  
4 FC30-0 1494 25.40 2.82 4.66 11.19 - 
16 FC30-pp0.2 1496 26.01 2.83 4.68 12.33 - 
17 FC30-pp0.5 1488 28.53 2.94 4.98 11.27 - 
18 FC30-pp1.0 1482 27.31 3.10 5.41 10.14 - 
19 FC30-pp2.0 1476 26.45 3.44 5.74 9.95 - 
4.  Effect of mineral admixtures  
20 FC30-0 1498 24.44 1.95 4.95 10.53 - 
21 FC30-s10 1501 28.01 1.86 5.05 10.73 - 
4 FC30-g50 1494 25.40 2.82 4.66 11.19 - 
22 FC30-gs4010 1490 27.00 1.88 5.24 11.25 - 
5.  Effect of aggregate type (L6 and Pumice) 
13 FC30-0.5L6 1295 20.91 2.13 2.83 9.14 - 















Table 3.10  Mechanical properties of LWAC 
 






















1.  Effect of w/c ratio 
1 L9wc-0.30 2014 51.11 4.30 5.75 25.72 24.58 
2 L9wc-0.40 1946 45.49 3.91 5.25 23.63 22.16 
3 L9wc-0.50 1895 41.84 3.52 4.38 20.93 18.20 
4 L9wc-0.56 1847 34.36 3.11 3.92 19.85 16.33 
2.  Effect of aggregate or air volume 
5 av-0 2239 67.67 5.24 9.05 30.27 33.33 
6 Nwav-0.20 2320 66.18 4.96 8.31 32.19 35.03 
7 Nwav-0.40 2402 64.69 4.68 6.94 34.25 38.29 
8 L9av-0.20 2092 56.37 4.75 6.60 28.16 27.91 
9 L9av-0.30 2019 53.53 4.33 5.83 25.23 24.36 
2 L9av-0.40 1946 45.49 3.91 5.25 23.63 22.16 
10 L9av-0.50 1873 43.10 3.48 4.91 21.42 21.00 
11 L6av-0.20 2008 39.26 3.33 5.74 23.24 23.07 
12 L6av-0.40 1778 31.34 2.92 4.33 18.17 17.19 
13 Pumav-0.20 2045 28.43 2.45 3.77 20.59 18.63 
14 Pumav-0.40 1852 17.77 2.02 2.90 12.61 9.16 
15 Fcav-0.20 1850 28.52 2.42 4.55 17.12 18.47 
16 Fcav-0.30 1640 21.29 2.05 3.50 12.08 11.36 
17 Fcav-0.40 1402 11.10 1.45 2.39 9.90 3.17 
18 Fcav-0.50 1212 5.06 0.88 1.16 5.77 - 
3.  Effect of aggregate density (or type) 
7 NWC 2402 64.69 4.68 6.94 34.25 38.29 
2 L9C 1946 45.49 3.91 5.25 23.63 22.16 
19 L8C 1924 42.16 3.75 4.54 22.73 20.84 
20 L7C 1846 38.75 3.35 4.21 21.10 19.78 
12 L6C 1778 31.34 2.92 4.00 18.07 17.19 
21 L5C 1742 26.52 2.48 3.91 16.88 15.86 
14 PumC 1852 17.77 2.02 2.90 12.61 9.16 
22 EPS 1435 18.01 2.00 3.36 12.42 - 
17 FC 1402 11.10 1.45 2.39 9.90 3.17 
4.  Effect of fiber percent and fiber type 
3 L9C0 1895 41.84 3.52 4.38 21.35 22.16 
23 L9Cpp0.1 1892 42.75 3.74 4.63 20.91 - 
24 L9Cpp0.3 1885 39.15 3.78 4.88 20.62 - 
25 L9Cpp0.5 1876 37.03 3.83 4.96 20.44 - 
26 L9Cpp1.0 1870 33.37 3.93 5.25 19.26 - 
27 L9Cppl0.5 1872 36.60 4.18 5.18 20.07 - 
28 L9Cgf0.5 1898 36.16 4.05 4.89 19.72 - 
29 L9Csf0.5 1912 43.21 4.51 5.75 22.73 - 
5.  Effect of aggregate size 
30 L9C5-10 1953 46.48 4.89 5.42 20.81 19.75 
31 L9C10-20 1956 44.90 4.22 5.84 23.56 22.21 
2 L9C5-20 1946 45.49 3.91 5.25 23.63 22.16 
 
6.  Effect of aggregate soaking condition 
32 L9C 0hr 1956 51.22 4.88 5.75 27.32 - 
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33 L9C 1hr 1952 47.62 4.46 5.52 24.63 - 
2 L9C 24hr 1946 45.49 3.91 5.25 23.63 22.16 
7.  Effect of mineral admixtures 
2 L9C0 1946 45.49 3.91 5.25 23.63 22.16 
34 L9CS10 1953 48.48 4.26 5.88 24.24 22.75 
35 L9CG50 1947 40.91 3.66 5.46 22.88 21.43 
36 L9CGS4010 1936 42.25 3.88 5.36 22.77 22.33 
 
 
Table 3.11  Effect of fiber on toughness performance of LWAC and FC  
 























Effect of fiber percent and fiber type in LWAC 
3 L9C0 0 2.48 0.165 0.202 0.455 0.455 
23 L9Cpp0.1 0.10 2.42 0.135 0.156 0.480 0.823 
24 L9Cpp0.3 0.30 2.63 0.108 0.165 0.557 1.691 
25 L9Cpp0.5 0.50 2.67 0.138 0.230 0.702 2.527 
26 L9Cpp1.0 1.00 2.63 0.160 0.443 1.016 4.580 
27 L9Cppl0.5 0.50 2.39 0.158 0.170 0.653 2.820 
28 L9Cgf0.5 0.50 2.93 0.368 0.203 0.911 1.407 
29 L9Csf0.5 0.50 2.99  0.857 1.607 15.07 
Effect of fibers in foamed concrete 
4 FC30-0 0 1.48 0.145 0.110 0.244 0.244 
22 FC30-pp0.2 0.20 1.50 0.108 0.104 0.307 0.72 
23 FC30-pp0.5 0.50 1.53 0.120 0.113 0.409 1.612 
24 FC30-pp1.0 1.00 1.49 0.135 0.120 0.503 2.473 
25 FC30-pp2.0 2.00 1.47 0.143 0.125 0.565 3.457 
 
 
Table 3.12  Estimated modulus of elasticity of aggregates using different models 
 
Author Estimated modulus of elasticity of aggregate (GPa) NWA L9 L8 L7 L6 L5 Pum. 
Chen et al. (2003) 42.28 16.94 11.42 7.08 - - - 
Balendran (1994) 41.19 17.26 14.79 12.28 8.26 7.02 3.9 
Hansen (1965) 41.27 17.03 14.4 11.6 6.65 5.14 - 
Counto (1964) 40.85 16.55 13.8 10.8 4.38 3.7 - 
Voigt (1889) 40.05 14.86 11.42 7.35 11.71 - - 
Reuss (1929) 42.9 18.66 16.55 14.52 14.87 10.18 - 
Hirsch (1962) 41.96 17.41 14.96 12.6 9.23 7.77 5.44 
Popovics (1970) 41.905 17.35 14.83 12.35 8.67 6.92 4.09 
Mean (GPa) 41.55 17.01 14.02 11.07 9.11 6.79 4.47 
SD (GPa) 0.89 1.06 1.78 2.60 3.40 2.23 1.84 











































































Fig. 3.3  (a) Coaxial-cylinder rheometer; (b) Schematic diagram of the coaxial-cylinders  
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Fig.  3.7 (a) variation of shear stress with shear rate for different w/c ratios 
  (b) variation of yield stress and plastic viscosity with w/c ratio; 
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Fig. 3.8  Relationship between (a) compressive strength to density ratio, (b) modulus  
 of elasticity to density ratio and spacing factor for different w/c ratios 
y = 6.9706Ln(x) + 29.168
y = 11.56Ln(x) + 46.838
y = 14.737Ln(x) + 60.235
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Fig. 3.9  Relationship dry density versus compressive strength and spacing  


















Fig. 3.12 − Relationship dry density versus compressive strength and 
spacing  







Fig. 3.10  Relationship between compressive strength to density ratio and  
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Fig. 3.11 (a) Single size void arranged in hexagonal packing; (b) Model meshed  

































Fig. 3.12  Comparison of numerical analysis with experimental results for  
















































































































































































Fig. 3.14  Relationship between compressive strength to density ratio and  




























































Fig. 3.15  Relationship between compressive strength and air content  



























Fig. 3.16  Relationship between compressive strength and modulus of  
























fcu = 1.048 fcu,p(1-A)2.793 



















w/c-0.60E = (0.0242 f1/2 + 0.0532)ρ3/2 







































































































































































































































































































Fig. 3.18  Effect of fiber percent and fiber type on load-deflection curves and  


















(a) L-D curves with 
polypropylene fiber  
(b) L-D curves with 






























































































































































Fig. 3.19  Effect of polypropylene fiber percent on load-deflection curves and  







































(a) L-D curves with 
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Fig. 3.27  Relationship between particle density and modulus of elasticity of  aggregate   






























ic fK =  
562.0731.6 r
s
ic fK =  
727.0854.3 r
s
ic fK =  
831.0715.2 rsic fK =  
LWAC 
FC with sand 
FC with LWA 



















0 20 40 60 80 100




















E = (0.062 + 0.0297 f c ' 1/2 ) W 3/2
Slate et al. (1986) (LWAC) 
E = 0.043 W 3/2  f c ' 1/2  (NWC, LWC)
ACI 318-02 
E = 1.55 f cu 2/3  (AAC)
Valore (1954)  
E = 1.344 f' c 2/3  (LWAC)
Curcio et al. 1998 
E = 11.710 f' cy 0.33  - 8.355 
Rashid et al. 2002 (NWC) 
E = (0.030 + 0.0678 f c ' 1/2 ) W 3/2
Present study (LWAC) 
(R - 0.92)
E = (0.0242 + 0.0532 f c ' 1/2 ) W 3/2
Present study (FC without agg.)



































































































































































































(a) (b) (c) 
agg. 
CHAPTER 4 
DEFORMATIONAL PROPERTIES OF                    
LIGHTWEIGHT CONCRETES 
4.1 Introduction 
 Deformation of concrete is a subject of interest to engineers and researchers alike.  The 
deformational properties such as shrinkage and creep of concrete has a great influence on the 
development of cracks in concrete members which are restrained and also causes loss of pre-
stress in pre-stressed concrete members.  On the practical side, designers require more accurate 
and improved methods of predicting structural deformations.  The interaction between the mix 
constituents such as fillers (aggregates, air, etc.) and matrix is also a continuing field of study, 
with implications for concrete deformability.  Deformational properties are affected internally 
by cement type and content, w/b ratio, aggregate type and content, age of concrete, strength of 
concrete, and externally by ambient temperature and relative humidity, in addition to the 
geometrical parameters such as size of the structural member etc (ACI 209 2005).   
Free (unrestrained) shrinkage measurements can be used to provide information 
regarding relative performance of various concrete mixtures.  Though the free shrinkage 
measurements can be used to directly compare the shrinkage performance of different mixture 
designs, these do not provide sufficient information on age of cracking and stress at cracking 
etc in service.  It is the stresses induced by the restrained shrinkage, rather than the magnitude 
of free shrinkage that lead to cracking.  Free shrinkage should be distinguished from restrained 
shrinkage.  The effect of restrained shrinkage in structures depends strongly on the geometry of 
the structure, the history of the fracture of the material, including both the development of 
microcracks and macrocracks, modulus of elasticity of concrete and creep.  To determine the 
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influence of restrained shrinkage on the behaviour of concrete structures it is necessary to know 
the value of free shrinkage.  Therefore, deformational properties alone may not able to provide 
a better concrete mixture with less risk of shrinkage cracking, because the stress development is 
also controlled by the modulus of elasticity and restraint.   
Currently, foamed concretes are produced for higher strengths suitable for structural 
applications, using high binder contents with and without conventional fillers (sand, aggregate) 
and these may result in higher shrinkage and creep.  Moreover, in order to study the shrinkage 
cracking behaviour of FC and LWAC, understanding of shrinkage and creep characteristics of 
these concretes are essential.   
In practice, allowances are made for shrinkage and creep during the structural design 
stage through predictions using empirical formulae (Annex 3). The strain measurements from 
concrete specimens may be recorded and used in these formulae.  Such provisions aim at 
minimizing the problem of unacceptable cracking or misalignments of structural elements. In 
spite of all these measures, cracking problems are still widely encountered. One of the reasons 
could probably be attributed to the fact that the strain measurements reflect the net or average 
strain after stress redistribution rather than the actual surface strain. Hence, this often under-
predicts the surface drying shrinkage stress resulting in cracking.  
This chapter covers the second objective of the study, which was focussed to 
understand the deformational properties such as shrinkage and creep of LWC.  The scope of 
works are i) to investigate the effect of filler type, filler volume, mineral admixtures and w/c 
ratio on shrinkage and creep of LWC; ii) to propose and determine the rate of unrestrained 
surface drying shrinkage and unrestrained drying shrinkage depth of concrete; iii) to study the 
correlation between shrinkage and creep of FC in comparison with LWAC and NWC; and iv) 
to evaluate the existing shrinkage and creep models for LWC, for predicting the shrinkage and 
creep for a given concrete.   
Chapter 4: Deformational properties of LWCs 
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4.2  Experimental investigation 
 The details of the materials and mechanical properties of the mixes studied for the 
deformational properties were discussed in Chapter 3 and the mix proportions of FCs with and 
without aggregates and the LWAC were given in Tables 3.4 and 3.5, respectively.   
4.2.1  Test program  
4.2.1.1  Shrinkage test  
 Prism specimens of 100 x 100 x 400 mm size were used for autogenous shrinkage and 
drying shrinkage tests of hardened concrete.  The preparation of shrinkage specimen involved 
fastening of a pair of Demec pins using epoxy glue to each of the two sides of the specimen.  
This arrangement enabled the longitudinal deformation between the pair of pins to be measured 
by a demountable mechanical device (Demec gauge) as shown in Fig. 4.1.  This device has a 
precision of ±7.79x10-6.  The initial distance between the pair of pins was 200 mm.  After 
demoulding, the specimens for autogenous shrinkage tests were immediately sealed with two 
layers of adhesive aluminum tape to prevent moisture transfer between the concrete and the 
environment, and remained sealed throughout the period of storage and testing.  The pair of 
Demec pins on each side of the prism was attached on the opening cut out from the aluminum 
tape immediately after wrapping was completed.   
The tests for autogenous shrinkage and drying shrinkage measurements were 
conducted in a controlled room with temperature and relative humidity (RH) set to 30oC and 
65%, respectively.  It should be noted that the autogenous shrinkage data obtained in this study 
was from 1 day after casting.  This test was carried out to understand the autogenous shrinkage 
behaviour of FC with and without aggregate in comparison with LWAC and NWC.  The drying 
shrinkage tests were carried out after 7 day moist curing as described in the Chapter 3.   
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4.2.1.3  Creep test 
Creep of concrete was studied in this study, on cylinders of 150 mm diameter and 300 
mm height, moist cured for 7-days.  Creep test are monitored according to ASTM C 512 in 
temperature and humidity controlled room with conditions (30°C and 65%) suitable to tropical 
countries, using hydraulically controlled creep test rigs, as given in Fig. 4.3.  The compressive 
strengths of the specimens were determined immediately before loading the creep specimens in 
accordance with ASTM C39.  The stress applied on the creep specimen was 35% of 7-day 
cylinder compressive strength.  One more set of specimens of same size of loaded specimens 
were used for shrinkage compensation of creep specimens under no load condition and these 
specimens also kept at the same curing and storage treatment as the loaded specimens.   
4.2.1.4  Microstructure test 
 Microstructure test was carried out in order to study the microstructure properties, such 
as pore diameter and pore volume, in relation to the shrinkage and creep behaviour of concrete.  
As shrinkage and creep occurs mainly in the matrix of concrete, mortar extracted from concrete 
may be representative of the matrix of the concrete.  Mortars sieved from fresh concrete using a 
1.18 mm sieve (ASTM No. 16).  In the case of FC, fragmented FC specimens were used for the 
test.  The mortar and FC specimens used for microstructure test were and cured for 7 days 
similar to shrinkage and creep specimens.  After 7 day curing, fragmented samples were 
obtained from the mortar and FC, immersed in acetone for one day to stop further hydration of 
cement and oven dried at 105oC for 24 hours.  Microstructure properties were then determined 
by mercury intrusion porosimetry (MIP) using Porosimeter as given in Fig. 4.3.   
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4.3 Results and discussions 
4.3.1 Autogenous shrinkage 
The autogenous shrinkage occurs under sealed conditions without moisture loss.  It 
occurs primarily as a result of chemical shrinkage (i.e., volume reduction due to the hydration 
reaction) and self-desiccation (i.e., the internal consumption of water by the hydration 
reaction).  The self-desiccation is greater at low w/c ratios (Neville 1997).  The autogenous 
shrinkage of FC for different air contents (0, 15, 30 and 45%) and w/c ratios (0.22, 0.30 and 
0.40) with age is plotted in Fig. 4.4.  The results indicate that for a given w/c ratio, FC shows 
slight increase (< 100 microstrain) of autogenous shrinkage with significant increase of air 
content (0 to 45%) at 150 days.  Though the FC with higher air contents have low amount of 
cementitious contents, the autogenous shrinkage values indicate that the effect of air content 
seemed to be similar to that of the cement content.  The Technical Committee Report on 
Autogenous Shrinkage of Concrete (1998) also suggested that the influence of air content on 
autogenous shrinkage is probably same as that of the volume of cement paste.  The slight 
increase in autogenous shrinkage of FC with higher air content (lower density) may be due to 
higher porosity and lower modulus of elasticity of the concrete which might offers less restrain 
from shrinkage compared to higher density concrete.   
For a given air content, the autogenous shrinkage of FC increased with decrease of w/c 
ratio, similar to NWC.  The average autogenous shrinkages of FC for different air contents at 
0.22, 0.30 and 0.40 w/c ratios were observed to be about 1250, 900 and 550 microstrain, 
respectively at 150 days.  It is a fact that self-desiccation is higher at lower w/c ratio and the 
effect can be expected to be same even in FC.     
For equivalent mixture proportions (except for the change of filler, i.e. air or LWA or 
NWA), the autogenous shrinkage of FC, LWAC (with L9 and Pumice aggregate) and NWC are 
shown in Fig. 4.5.  FC showed the highest autogenous shrinkage, it was 75% higher than the 
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NWC, whereas, LWAC showed swelling with both L9 and Pum aggregate up to 45 and 135 
microstrain, respectively at 150 days.  It can be observed that in the case of LWAC, the 
autogenous shrinkage is not noticed, this is due to the effect of restraint provided by the 
aggregate (though which may be lower than NWA) and moisture movement from the 
aggregate, which acts as reservoir, into cement paste resulted in swelling.   
The decrease of autogenous shrinkage with LWA was due to internal supply of water 
by the LWA to compensate for self-desiccation.  Kohno et al. (1999) explained the mechanism 
that the space originally occupied by cement particles and water is generally replaced by the 
space filled by hydration products.  The space not taken up by the solid components such as the 
hydrated cement particles or the hydration products consists of capillary pores.  At the early 
stage of hardening, most of the capillary pores and LWA are fully saturated with water.  As the 
hydration reaction progress, the capillary water is consumed to form new and fine capillary 
pores.  However, the internal relative humidity in the capillary pores is not lowered due to a 
continuous supply of moisture from LWA.  As a result cement paste do not shrink.  The 
reduction of autogenous shrinkage is because water lost internally by self-desiccation of cement 
paste is immediately replaced by moisture from the LWA.  The swelling of LWAC was most 
likely due to the large amount of internal curing water supplied to the cement by the LWA for 
continuous hydration.  The restraint offered by the NWA on autogenous shrinkage of paste may 
be significant in controlling the autogenous shrinkage of NWC.  Since FC contains air, which 
neither provides restraint nor provide moisture like LWA, end up with higher autogenous 
shrinkage compared to the LWAC and NWC.   
The effect of moisture transfer can be further explained that self-desiccation is induced 
by the empting of pores due to chemical shrinkage (CS).  Hence, the amount of water (Vwat) 
required in the internal reservoirs (LWA) for complete elimination of self-desiccation can be 
calculated from the chemical shrinkage as follows (Bentz and Snyder 1999):  
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ρ
α max..CSCVwat =   (m3 of water/m3 of concrete) (4.1) 
where C is the cement content in kg/m3, CS is the chemical shrinkage occurring during 
hydration of cement; typically, the value on the order of 0.06 kg H2O per kg cement hydrated, 
αmax is the maximum degree of hydration that can be estimated as (w/c)/0.40 and ρ is the 
density of water (1000 kg/m3).   
The amount of water required for the concretes used in this study, to eliminate the self-
desiccation based on the w/c ratio (0.30) and cement content (502 kg/m3) was estimated (Eq. 
4.1) to be 22.59 kg/m3.  In the case of LWAC, the amount of water in the reservoirs, L9 and 
Pum, were estimated (based on absorption capacity of aggregate and aggregate volume, 0.40) 
to be 46 and 200 kg/m3, respectively.  These values were observed to be higher than the water 
required for eliminating self-desiccation (22.59 kg/m3); therefore, swelling was observed earlier 
in LWAC.   
From the above results it can be understood that the restraint offered by the aggregate 
and moisture transfers from the reservoirs may be essential in order to control the autogenous 
shrinkage.  To understand the autogenous shrinkage of FC better, different volumes (0 to 0.50) 
of sand and LWA was added to the FC.  The effect of sand and LWA volume on autogenous 
shrinkage FC is shown in Fig. 4.6.  Fig. 4.6a shows that the autogenous shrinkage of FC 
decreases with increase in sand volume.  The decrease at 0.20 and 0.50 volumes of sand were 
observed to be 20 and 55% than that of the FC.  The decrease in autogenous shrinkage with 
increase in sand volumes (s/b ratio) is mainly due to the decrease of binder content and the 
improved modulus of elasticity of FC with increase of sand content.  Moreover, autogenous 
shrinkage is increased when unit content of binder increases or when the volume concentration 
of aggregate decreases.  The influence of aggregate volume can be understood from the Hobbs 
composite model, which was proposed for estimating the drying shrinkage of concrete by 
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taking volume of aggregate into account, that the autogenous shrinkage is significantly affected 
with aggregate volume; it decreases with increase in aggregate volume (JCI 1998).   
The effect of LWA volume on autogenous shrinkage of FC shown in Fig. 4.6b 
indicates that the autogenous shrinkage of FC decreases with increase in LWA volume similar 
to sand volume.  The decrease at 0.20 and 0.50 volumes of L6 were observed to be 42 and 95% 
than the FC without aggregate, whereas, FC with pumice LWA of 0.50 volumes showed 
swelling similar to LWAC (Fig. 4.5).  Fig. 4.6c shows the normalized autogenous shrinkage of 
FC, indicates that the addition of LWA to FC was found to be more significant than the 
addition of sand in controlling the autogenous shrinkage.  Furthermore, the addition of LWA 
with higher absorption capacity (Pum.) was observed to be better in controlling or mitigating 
the autogenous shrinkage of FC similar to NWC.  It can conclude that in order to control 
autogenous shrinkage of FC, use of LWA may be essential similar to high strength and high 
performance concrete made with NWA (Bentz and Jensen 2003; Zhutovsky 2004).  
4.3.2  Drying shrinkage 
 Drying shrinkage is by far the most common cause of shrinkage cracking.  Drying 
shrinkage occurs in hardened concrete as a result of water movement.  In concrete reactions, the 
formation of C-S-H gel results in different size of voids.  As dying occurs, disjoining pressures 
removes adsorbed water from 0.5∼2.5 nm size voids and hydrostatic forces (capillary stresses) 
form a meniscus that exert stresses on the C-S-H skeleton causing the cement paste to shrink.   
4.3.2.1  Effect of air content  
The effect of air content on drying shrinkage of FC was plotted against the age of 
drying, as shown in Fig. 4.7a.  It can be observed that the drying shrinkage of FC increases with 
an increase in air content.  Generally, for a given w/c ratio, shrinkage increases with increase in 
the cementitious content because this results in a large volume of hydrated cement paste which 
is liable to shrinkage.  In the case of FC, for a given cubic meter of concrete, the higher the air 
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content the lower the cementitious content can be expected and subsequently lower shrinkage 
should result. However, this was found to be in reverse for FC.  It should be noted that the 
general behaviour of higher shrinkage with higher cementitious contents is true only in the case 
of concrete containing fillers (aggregates) that are having higher modulus of elasticity than that 
of hardened cementitious paste.  Whereas, FC contains air as filler instead of strong aggregate 
which offer zero restrain towards the shrinkage of paste.  The increase of drying shrinkage of 
FC with increase of air content is also due to the increased porosity and decreased rigidity of 
FC. Furthermore, drying shrinkage is caused by the diffusion of water into the outer 
environments.  As the density decreases due to increased air content, the spacing factor of air-
voids decrease (discussed in Chapter 3, Fig. 3.6), i.e. decrease of paste thickness between the 
surrounding air-voids, which could facilitate the increase in diffusion.  The earlier study on FC 
also confirms the change of porosity with foam content, i.e. increase of porosity with increase 
in foam content (Kearsley and Wainwright 2001).   
The drying shrinkage results of FC and FC with sand normalised with respect to their 
corresponding paste and mortar results and plotted with respect to the air contents shown in 
Fig. 4.7 indicates that for the same air content, FC resulted in higher shrinkage than the FC with 
sand.  It is a fact that the former generally have higher amount of cementitious paste than the 
later.  At 30 and 60% air content FC and FC with sand exhibited 2.4 and 1.6, and 3.5 and 3.0 
times higher drying shrinkage than the corresponding paste and mortar, respectively.  In both 
the FC and FC with sand, it can be observed that the rate increase of normalized shrinkage was 
found to be higher for the air contents higher than 40%.  In Chapter 3, it was noticed that the 
air-void system of FC and its mechanical properties made with different w/c ratio was found to 
be affected considerably for the air contents higher than 40% (Figs. 3.8 to 3.14).  The drying 
shrinkage is generally caused by the removal of adsorbed water from the fine pores.  From the 
above, one can understand that the air content seems to be not only affecting the coarse pore 
size distribution (air-void system discussed in Chapter 3), but also the fine pore sizes which 
causes shrinkage.   
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To examine the effect of air content on microstructure (fine pore size distribution) of 
FC, mercury intrusion porosimeter (MIP) test was carried out and the results are shown in Fig. 
4.8.  The results indicate that the cumulative pore volume in the FC increases with an increase 
in air content.  However, the increase was observed to be more significant in FC with higher air 
contents (45 and 60%), where the rate of normalized shrinkages were found to be higher (Fig. 
4.7b).  The cumulative pore volume of fine pores in FC at 45% and 60% of air content 
correspondingly were observed to be about 1 and 2.5 times higher than that compared to FC 
with 30% air content.  It can be deduced that the air content in FC also affects the fine pore size 
distribution of FC.  The decrease in pore size, along with a higher percentage of fine pores 
results in higher shrinkage.  The increased drying shrinkages in FC with increase in air contents 
(Fig. 4.7) may also be due to the increase of fine pore volumes (Fig. 4.8) in these concretes.   
4.3.2.2 Effect of aggregate density/type and aggregate volume 
The effect of aggregate type (sand, L6 and Pum) on drying shrinkage of FC with 30% 
air content is given in Fig. 4.9.  The results indicate that the addition of aggregate to FC were 
found to be effective in controlling the drying shrinkage of FC.  For the same volume of 
aggregate, the addition of LWAs (L6 and Pum) to the FC were seem to be better in controlling 
the drying shrinkage at early age (up to 75 days) than the addition of sand.  Though the 
performance of pumice aggregate was good in controlling the shrinkage at early age, rate and 
amount of shrinkage were higher after 75 days of drying.  This can be explained that the 
reduction of drying shrinkage at early age is because the water lost during the drying of the 
cement paste is immediately replaced by moisture from the Pumice aggregate.  However, at 
later ages water in the pumice aggregate could also be dried at a faster rate due to the porous 
nature of the aggregate.  The combined effects such as the loss of water from the pumice 
aggregate and lower restraint offered by the aggregate (due to lower modulus – Table 3.12) 
could result in higher long-term drying shrinkages than compared to the FC with sand and L6 
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aggregate.  The drying shrinkage of FC with 0.50 volume of sand, L6 and Pumice aggregates 
were correspondingly found to be 51, 66 and 33% lower than the FC.   
The effect of aggregate (sand and L6) volume on drying shrinkage of FC is shown in 
Fig. 4.10a. At lower aggregate volume (0.20), both the aggregates exhibited almost similar 
performance in controlling the shrinkage of FC by about 30%.  FC with LWA showed lower 
rate and amount of shrinkage at both the aggregate volumes (0.20 and 0.50) due to the water 
lost during the drying of the cement paste being immediately replaced by moisture from the 
LWA. At higher aggregate volume (0.50), FC with LWA resulted in significantly lower 
shrinkage than the addition of sand.  The drying shrinkage of FCA was normalized with the 
shrinkage of FC and shown in Fig. 4.10b.  The results indicate that the drying shrinkage of FC 
with different air contents (15, 30 and 45%) were observed to decrease with increase in 
aggregate volume (sand and LWA). FC with 15% air content (FCS15 and FCA15) shows 
higher normalized shrinkages than FC with higher air contents (30 and 45%).  This may be due 
to that the former had higher cementitious paste contents than the latter.  At 0.50 volume of 
aggregate, FC with sand and FC with LWA exhibited 35 to 50% and 60 to 70% lower 
shrinkages than the FC for different air contents.  This significant decrease of shrinkages could 
be due to the increase of aggregate to binder ratio with increase in aggregate volumes and the 
restraining effect of aggregate (Pickett 1956).   
According to Pickett (1956) shrinkage of concrete can be a function of shrinkage of 
paste and the volume of aggregate and it can be expressed as follows.   
n
apC VSS )1( −=      (4.2) 














.  cν  and aν are the poisson’s ratio of concrete and aggregate; Ec and 
Ea are the modulus of elasticity of concrete and aggregate, respectively.  Equation (4.2) has 
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been suggested for shrinkage of by Pickett (1956), and this equation has been checked for 
LWAC by Hansen and Nielsen (1965) and Hobbs (1974).   
Hansen and Nielsen (1965) proposed equations for estimating the shrinkage concrete 
using the known values of paste shrinkage, aggregate shrinkage, modulus of elasticity of 
aggregate and paste.  They reported that even a minor aggregate shrinkage seriously affects the 
concrete shrinkage.  Hobbs (1974) reported that the stiffness of the aggregate can have a large 
influence on shrinkage of concrete and the LWAs of similar stiffness can produce concretes of 
markedly different shrinkage behavior.  This difference in shrinkage behaviour is attributed to 
aggregate shrinkage.   
 Therefore, in this study, the decrease of drying shrinkage of FC with increase in 
aggregate volume (with sand and L6) was consistent with the Pickett’s theory.  However, the 
decrease of drying shrinkage with increase of aggregate volume may not be true all the time 
due to the wide difference of elastic and shrinkage properties of LWA and concrete for a given 
volume of aggregate in the case of LWC.   
According to Hansen (1987) shrinkage of concrete (SC) is function of shrinkage of 
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where m is the modular ratio: Ea/Ep and k = (1-2νp)/( 1-2νa).  νp and νa are the Poisson’s ratios 
of paste and aggregate.  Equation (4.3) states that discrete non shrinking aggregates embedded 
in a cementitious matrix phase, which is shrinkage active, introduce a restraining effect.  Total 
restraining effect depends on the volume concentration of these aggregates and the elastic 
properties of the two phases.   
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From this it can be interpreted that the shrinkage of concrete can be higher if the 
shrinkage of aggregate is higher and restraint of aggregate lower.  To understand the effect of 
aggregate in FC better the results were plotted between the shrinkage (Sfca/Sfc) ratio and 
modular (Efca/Efc) ratio of FC and FCA in Fig. 4.11.  The trend lines were corresponding to the 
different volumes of aggregates in FC with different air contents.  Though the FC with different 
volumes of sand and LWA showed decrease of shrinkage with increase in aggregate volume 
collectively in Fig. 4.10, the relationship between the shrinkage ratio and modular ratio were 
observed to be different.   
From the Fig. 4.11, it can be interpreted that the modulus of elasticity of FC with sand 
was higher than the FC resulting Efca/Efc ratio greater than 1.0.  Whereas, this ratio was 
observed to be generally lower than 1.0 for the FC with LWA (L6 aggregate), though there was 
slightly higher than 1.0 at 0.20 aggregate volumes.  In the case of FC with sand, trend lines 
indicate that with increase of Efca/Efc ratio, the Sfca/Sfc ratio was observed to decrease.  Whereas, 
in the case of FC with LWA, the latter decreases with decrease in the former.  The extensions 
of trend lines in the form of dotted lines indicate that with further increase of aggregate volume, 
the decrease of Efca/Efc ratio in FC with LWA seems to be more significant than the increase in 
Efca/Efc ratio in FC with sand and the decrease of Sfca/Sfc ratio in the former seems to be less 
significant than the decrease in Sfca/Sfc ratio in the latter.   
The effect of aggregate volume on drying shrinkage of LWAC is shown in Figs. 4.12 
and 4.13.  From the Fig. 4.12, it can be observed that the drying shrinkage of LWAC with L9 
LWA decreases with increase in aggregate volume similar to NWC (Pickett 1956).  For the 
same mortar quality, the normalized shrinkage results of LWAC with different volumes of 
LWA indicates that except for Pum and EPS aggregate, the shrinkage (Sc/Sm) ratios exhibited 
decrease in trend with increase in aggregate volume.  The slopes of Sc/Sm ratio also decrease 
with decrease in density (modulus of elasticity) of aggregate.  It can be interpreted that the 
restraining effect of LWA on shrinkage of LWAC was found to be decreasing with decrease in 
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aggregate density (increase of porosity) and this may be because of the decease in modulus of 
elasticity of the aggregate as observed in Chapter 3 (Table 3.12).  In the case of pumice 
aggregate the Sc/Sm ratio was decreased up to 0.20 volume of aggregate, however, for higher 
volumes (0.40) the Sc/Sm ratio was observed to be increasing.  Further increase of pumice 
aggregate volume may result in higher shrinkages than the mortar.  This could be due to the 
higher porosity and higher absorption capacity of pumice aggregate compared with expanded 
clay aggregates (L5 to L9).  In the case of EPS aggregate, the shrinkage of LWAC with EPS 
was observed to be higher than the mortar (Fig. 4.14), therefore, the Sc/Sm ratio was higher than 
1.0.  EPS aggregate is a sort of compressible aggregate, has a closed cell structure consisting 
essentially of 98% air (Sussman 1975), which might allow the mortar to shrink further as a 
composite due to its compressible nature of aggregate.  Moreover, this is a non-absorbent 
aggregate unlike other LWA aggregates; therefore, no moisture transfer between aggregate and 
matrix can be expected to lower the drying shrinkage.   
 The drying shrinkage of concrete mixtures with equivalent mixture proportions but 
different densities (types) of aggregate is shown in Fig. 4.14.  Although, LWAC exhibited no 
autogenous shrinkage (Fig. 4.5), the drying shrinkage of LWAC was higher than the NWC at 
150 days of drying.  However, at early age the drying shrinkage of LWAC with some of the 
aggregates was lower than the NWC.  This might be attributed to the water absorbed by the 
LWA that compensated the water loss when the concrete were exposed to the dry environment.  
The drying shrinkage increases with a decrease in aggregate density that corresponded to an 
increase in the aggregate porosity.  The shrinkage of NWC was lower than the LWAC made 
with all the types of LWAs used in this study.  It appears that the restraint offered by the NWA 
is significant than the given LWA in reducing drying shrinkage of concrete.  This may be due 
to that the lower modulus of elasticity of LWA (Table 3.12) particles which might have less 
restraint effect on the shrinkage compared with that of NWA particles.  The LWAC with 
pumice aggregate showed lower shrinkage in first 2 months than the other concretes, however, 
at 5 months, shrinkage of this concrete was higher than LWAC with expanded clay aggregates 
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and NWC.  The LWAC with EPS aggregate showed highest shrinkage at all the ages compared 
to the other concretes.  The reasons for the shrinkage behavior of LWAC with pumice and EPS 
aggregate were due to the high absorbent and compressible nature of the aggregates, 
respectively and the significantly lower modulus of elasticity of these aggregates compared to 
the other aggregates.   
The elastic properties of aggregate determine the degree of restraint offered on 
shrinkage; for example, steel aggregate leads to one-third less and expanded shale aggregate to 
one third more than NWA (Shideler, 1957).  This influence of aggregate was confirmed by 
Reichard (1964) who found a correlation between shrinkage and the modulus of elasticity of 
concrete, which depends on the compressibility of the aggregate used.  The presence of clay in 
aggregate lowers its restraining effect on shrinkage, because clay itself is subjected to shrinkage 
(Neville 1997).  Even within the range of ordinary aggregates, a considerable variation in 
shrinkage of the resulting concrete have been reported by Alexander (1996) due to shrinkage of 
some aggregates.  Concrete made with shrinking aggregate generally exhibits high shrinkage 
which may lead to serviceability problems in structures due to excessive deflection or warping 
(curling); if high shrinkage leads to cracking, durability of the structure may also be impaired.   
It can be interpreted that the shrinkage of concrete with equivalent mixture portions but 
different type (density) of aggregate is mainly influenced by the given type of aggregate.  
Therefore, the shrinkage of different concretes were normalized, to understand the effect of 
each aggregate on shrinkage, with the shrinkage of NWC at 150 days as shown in Fig. 4.15.  
The results indicate that the concrete with expanded clay aggregates, L9 to L5 exhibited 
correspondingly 16 to 60% higher shrinkage than the NWC; Pumice and EPS aggregates 
resulted in 100 and 150% higher shrinkages, respectively.  This information may be useful for 
designers as a practical guidance when they deal with concretes containing different type of 
aggregates.  Since, many of the design codes cover design procedures for NWC, information 
from the Fig. 4.15 can be used as an arithmetic multiplier especially when considering the 
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relative inaccuracy of estimating shrinkage of concretes made with different type of aggregates, 
in the structural design.   
 To further understand the effect of filler type (air, LWA and NWA) on shrinkage 
behaviour of concrete, the shrinkage (Sc/Sm) ratios were plotted against the modular (Ec/Em) 
ratios of the corresponding concretes, in Fig. 4.16.  It should be noted that the trend lines 
plotted for various concretes were based on the different aggregate volumes.  It can be observed 
that shrinkage of concretes with different fillers exhibits different kind of behaviour in relation 
to modulus of elasticity.  From Fig. 4.16, it can be interpreted that the modulus of elasticity of 
concrete with NWA was higher than the mortar resulting Ec/Em ratio greater than 1.0 at all the 
aggregate volume due to the higher modulus of elasticity of former than the latter (Ea > Em).  
Whereas, this ratio was observed to be lower than 1.0 for the concrete with all the LWAs, due 
the lower modulus of elasticity of the aggregates (Ea < Em), and with the air.   
The Fig. 4.16 was divided into three zones for the convenience of discussion.  Zone I 
(Ea > Em) containing the results correspond to NWC; Zone II (Ea < Em) to LWACs excluding 
EPS aggregate and Zone III (Ea = 0 or Ea << Em) to concrete with air and EPS aggregate.  
From Zone I, it can be interpreted that with further increase in NWA volume, the Ec/Em and 
Sc/Sm ratio will increase and decrease, respectively.  Therefore, to control the shrinkage it is 
good to use higher volumes of normal weight coarse aggregate.   
From the Zone II, it can be observed that for a given Ec/Em ratio, the Sc/Sm ratio 
increases with decrease in the aggregate density.  For all the expanded clay aggregates (L5-L9), 
the increase of aggregate volume in the concrete resulted in decrease in Ec/Em and Sc/Sm ratios.  
However, the decrease of Ec/Em and Sc/Sm ratios were seemed to be significant with the use of 
lower density and higher density aggregates, respectively.  Therefore, from the trend lines it can 
be deduced that the drying shrinkage of LWAC can be controlled generally with the increase of 
aggregate volume (L5-L9), but it will be significant with the use of higher density aggregates.  
In the case of LWAC with pumice aggregate, the Sc/Sm ratio decreases up to the Ec/Em ratio of 
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0.70, however, the Sc/Sm ratio increased with further increase of aggregate volume even with 
further decrease of Ec/Em ratio.  It gives an indication that use of higher volumes (> 0.40) of 
pumice aggregate is not beneficial in controlling the drying shrinkage.   
From Zone III, it appears that drying shrinkage behaviour of LWC with air and EPS 
aggregate was different from the LWAC.  Because, with increase of air and EPS aggregate in 
concrete shows decreased Ec/Em ratio similar to LWAC, but increased Sc/Sm ratio in contrast to 
the decrease in LWAC.  This may be due to the no restraint offered by the air and almost zero 
restraint by EPS aggregate in controlling the shrinkage of mortar. From the above it can be 
concluded that strong aggregates are required to provide better restraint against drying 
shrinkage of concrete.  The shrinkage behaviour of FC also can be altered by the addition of 
sand and LWA in it to adjust the behaviour similar to NWC and LWAC and it can be observed 
from Fig. 4.11. Since FC is generally made with the use air which offers zero restraint, it is 
better to recommend the use of fillers like sand and LWA, to avoid excessive drying shrinkages 
in FC.   
4.3.2.3 Effect of w/c ratio, curing, mineral admixtures, fibers and aggregate soaking 
The effect of w/c ratio on drying shrinkage of FC (30% air content) (Fig. 4.17a) and 
LWAC (Fig. 4.17b) with age of drying indicates that the drying shrinkage of FC increases with 
increase in w/c ratio similar to LWAC and it is the general trend even for NWC.  The drying 
shrinkage of FC and LWAC at 90 days of drying plotted against the w/c ratio is in Fig. 4.17c.  
Though FC shows increased drying shrinkage with increase in w/c ratio similar to LWAC, the 
rate and amount of increase of drying shrinkage of the former was appeared to be very 
significant than the latter.  This may be due to that an increase in w/c ratio would intensify the 
shrinkage of cement paste by providing more space for free water diffusion.  The increased 
pore space can be confirmed from the air-void system of FC that for a given air content, 
spacing factor of FC increases with increase of w/c ratio (Fig. 3.6c).  The higher percentage of 
capillaries and other voids in FC due to the increase in w/c ratio resulted in significantly lower 
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modulus of elasticity in relation to density for a given spacing factor (Fig. 3.8b) resulting in 
very high shrinkage values in the FC than the LWAC.  For w/c ratios of 0.30 to 0.50, FC 
without aggregate exhibited 4 to 6 times higher drying shrinkage than the LWAC at 90 days of 
drying (Fig. 4.17c).  The higher values are associated with the mixes of lower densities where 
the sand content is minimal or absent.   
The effect of curing age on drying shrinkage of FC (30% air content) (Fig. 4.18a) and 
LWAC (Fig. 4.18b) with age of drying indicates that the drying shrinkage of FC and LWAC 
decreases with increase in the age of curing, similar to NWC and heavy weight concrete 
(Nilsen and Aitcin 1992).  The drying shrinkage of FC and LWAC at 90 days of drying plotted 
against the age of curing, is shown in Fig. 4.18c.  It can be observed that for 7 and 28 days of 
curing, FC and LWAC exhibited 17 and 26% and 23 and 32% lower drying shrinkage, 
respectively than the corresponding concretes cured for 1 day, at 90 days of drying.  It can be 
noticed that the effect of prolonged curing after 7 day was observed to be less significant than 
the curing up to 7 days.  This may be due to that the rates of concrete property developments 
are better before 7 days than after 7 days.  Because curing directly affects the degree of 
hydration of cement, curing has an impact on the development of all the concrete properties 
(ACI 308 2001).   
It was reported by Nilsen and Aitcin (1992) that the magnitude of drying shrinkage was 
inversely proportional to the period for which specimens were water cured due to improved 
micro-structure of the concrete.  It was stated that a curing period of only 4 days reduced the 
drying shrinkage significantly, compared to no water curing.  They reported that for longer 
periods up to 28 days, concrete specimens with very stiff aggregates (heavy weight aggregate) 
showed 30 to 50% less drying shrinkage than those with NWA.  Extended periods of moist 
curing will usually reduce the amount of drying shrinkage occurring in a concrete mixture by 
10 to 20% (ACI 209 2003).   
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The effect of mineral admixtures such as GGBFS (50%), silica fume (10%) and 
combination of GGBFS and SF (40+10%) on drying shrinkage of FC (30% air content) (Fig. 
4.19a) and LWAC (Fig. 4.19b) with age of drying indicates that addition of mineral admixtures 
showed lower drying shrinkage than concrete made with only OPC.  These results are in 
agreement with the affect of mineral admixtures reported on drying shrinkage of NWC (Li et 
al. 2002).  The effect of mineral admixtures on pore size distribution of mortars is shown in 
Fig. 4.19c.  It can be observed that the use of mineral admixtures reduces the pore size 
distribution of mortars considerably.  It is known that the concrete with higher cumulative pore 
volume of fine pores exhibits higher drying shrinkage than the concrete with lower volume of 
fines pores, because of high capillary tension, and that the drying shrinkage of concrete is 
mostly caused by the contraction of the paste.   
The effect of mineral admixtures were seemed to be more significant in LWAC than 
the FC, though both the concretes exhibited similar order of drying shrinkage such as OPC, SF, 
GGBFS followed by GGBFS+SF.  This may be because the pozzolanic reaction of mineral 
admixtures refines the pore structure and densifies the cement paste, the loss of water from the 
cement paste and that absorbed inside the LWA would probably be reduced.  This water 
absorbed inside the aggregate provide a means for continued cement hydration and pozzolanic 
reaction, thus further densifying the cement paste in LWAC (Zhang et al. 2005) than compared 
to FC.  The lower drying shrinkages with mineral admixtures can also be seen from the 
significant reduction of pore size distributions of mortars (Fig. 4.19c).  Among all the 
combinations, the triple (OPC50+GGBFS40+SF10) blended cementitious concrete exhibited 
lower drying shrinkage than compared to double blended combinations (OPC90+SF10 and 
OPC50+GGBFS50).  From the above observations it can deduce that the use of mineral 
admixtures are beneficial in controlling the drying shrinkage of both FC and LWAC, similar to 
NWC.  The triple blended cementitious FC and LWAC showed 15% and 36% lower drying 
shrinkage, respectively than the corresponding concretes made with only OPC at 150 days of 
drying.   
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The effect of polypropylene fiber of different percentages on drying shrinkage of FC 
and LWAC is shown in Fig. 4.20.  The addition of fibers seems to be not effective in 
controlling the drying shrinkage of FC similar to LWAC, though the drying shrinkage of 
former is significantly higher than the latter.  It can also be observed that in both the concretes 
fibers does not influence the free shrinkage property similar to the effect of fibers in NWC.  
The works by Grzybowski and Shah (1990), with polypropylene fibers and Sarigaphuti et al. 
(1993), with cellulose fibers in NWC also reported that fibers has no significant effect on the 
free shrinkage behaviour of concrete.  In the case of LWAC, Kayali et al. (1999) reported that 
polypropylene fibers seemed to result in reduction in the value of drying shrinkage when 
compared with the results of plain LWAC and mentioned that this reduction is not statistically 
significant.  They also reported that reinforcing LWAC with steel fibers did not seem to impart 
any benefit as far as reducing drying shrinkage value.  In contrast to this study, Zhang et al. 
(2005) reported that the increase of steel fibers content generally reduced the shrinkage of 
LWAC.  With 1.5% of the steel fibers, the reduction in the shrinkage reported was ~ 35% at 28 
days and ~ 20% at 2 years compared with that of the concrete without fibers.   
The effect of aggregate soaking condition on drying shrinkage of LWAC is shown in 
Fig. 4.21.  It can be observed that the LWAC with oven dry condition of aggregate (0% 
moisture by weight of dry aggregate) and the aggregate soaked for 24 hours (8.1%) have 
exhibited lower shrinkage values than the aggregate soaked for 1 hour (5.1%).  The lower 
drying shrinkage values in the case of concrete with oven dry aggregate may be due to the 
absorption of mixing water by the oven dried aggregate, which might lower the w/c ratio of the 
matrix, as generally the lower the w/c ratio the lower the drying shrinkage.  In the case of 
LWAC with 24 hour soaking of LWA, the presence of more water in the aggregate might lower 
the shrinkage of concrete.  
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4.3.2.4 Relationship between shrinkage of foamed concrete vs LWAC and NWC 
From the equations (4.2) and (4.3) it can be interpreted that the shrinkage of concrete is 
affected by the modulus of elasticity of the concrete as both these are related with the paste and 
aggregate properties and their relative proportions.  Therefore, to understand the effect of 
concrete modulus of elasticity on drying shrinkage better, shrinkage values of different concrete 
observed at 90 days were plotted against the modulus of elasticity of the corresponding 
concretes in Fig. 4.22.  The drying shrinkage and modulus of elasticity data reported in 
literature for NWC and LWAC at the corresponding age also incorporated in the Fig. 4.22.  It 
can be observed that the drying shrinkage of FC, FCA and LWAC results obtained from this 
study are in agreement with the data reported in literature.  For the range of modulus of 
elasticity and drying shrinkage considered, it can be noticed that the increase of shrinkage was 
observed to be significant in the concretes for modulus of elasticity values lower than 15 GPa.  
This suggests that the concretes with higher modulus of elasticity may be better in controlling 
the shrinkage of concrete.  Higher modulus of concrete can generally be achieved with the use 
of stronger aggregates than the mortar and paste, which offer good restraint against shrinkage.  
The drying shrinkage (Sc) of different concretes (except the data of Gesoglu et al. 2004) 
exhibited the following power relationship with modulus of elasticity (Ec) of corresponding 
concretes with a correlation coefficient of 0.724.   
Sc = 6112.5 Ec-0.7681     (4.4) 
 For a given modulus of elasticity of concrete, the lines of 50% higher and 50% lower 
than the shrinkage of concrete obtained from the equation (4.4) is also included as broken lines 
in Fig. 4.22.  From the upper and lower bound lines of 50%, it can be observed that almost all 
the results (except the Gesoglu et al. 2004) falls in between or are closer to these lines.  FC 
positioned closer to the +50% line, which means that for a given modulus of elasticity, FC 
shows 50% higher shrinkage than the general relationship observed between shrinkage and 
modulus (Eq. 4.4).  FCA (except with 50% LWA) positioned almost closer to the proposed line 
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(Eq. 4.4) similar to the NWC and LWAC results.  Equation (4.4) may be used to estimate (with 
an accuracy of ±50%) the drying shrinkage of concrete at 90 days for the known modulus of 
elasticity of concrete, if the shrinkage data is not measured.   
 The drying shrinkage of different concretes were measured for one year, the variation 
of shrinkage with age of drying is shown in Fig. 4.23.  For equivalent mixture proportions, 
LWC with L9, L6, Pum and Foam as fillers exhibited 20%, 68%, 223% and 258% higher 
drying shrinkage than the concrete with NWA, at one year of drying.  FC (FC30) and the 
corresponding FC with 50% sand and 50% LWA are also included in the Fig. 4.23.  FC with 
50% sand and 50% LWA exhibited 50% and 60% lower drying shrinkage values than the FC 
(FC30) at one year.  The data from the Fig. 4.23 and data reported in literature was used to 
predict long-term (1 year) shrinkage values using the short term (28 and 90 day) measurements 
in the following paragraphs.   
 Engineers nowadays recognize the importance of deformational properties such as 
shrinkage and creep in the design of many structures and provision for taking shrinkage and 
creep into account has been included into a number of codes.  Prediction of long-term strains 
from short-term measured values is necessary for design purposes when more accurate values 
are required or when unknown types of concrete are used, since reliable prediction from the 
knowledge of mix proportions is not possible, especially the influence of aggregate can not be 
estimated without tests (Brooks and Neville 1975).   
To predict the 1 year shrinkage strains, the relationship between 1 year shrinkage vs 28 
day shrinkage and 90 day shrinkages measured for different concretes are shown Figs. 4.24 and 
4.25.  The data reported in literature for LWAC and NWC are also included in the same 
figures.  The equation reported by Brooks and Neville (1975) between 1 year and 28 day 
shrinkage measurements is also included in the Fig. 4.24.  The results exhibited a linear 
relationship between the 1 year shrinkage and 28 and 90 days shrinkage.  The equation 
observed by Books and Neville seems to be under estimating the 1 year shrinkage values for 
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most of the concretes by about 10 to 20% compared to the observed trend from the present 
study (PumC data is not included for fitting trend line).  Except for the pumice concrete data 
and some data points of Kayali et al. (1999), almost all the results from present study and from 
the literature were positioned with-in ±30% of the observed trend line.  Based on this study, the 
relationship between 1 year shrinkage (Sc-1year) and 28 day shrinkage (Sc-28 day) observed with a 
correlation coefficient of 0.908 is given below.   
Sc-1year = 1.053 Sc-28 day + 366    (4.5) 
 However, an improved accuracy and better relationship with a correlation coefficient of 
0.964 was observed between the 1 year shrinkage and 90 day shrinkage (Fig. 4.25).  It can be 
observed that the results of all the concretes (except PumC) were positioned very close to the 
trend line (eqn. 4.6) observed between the 1 year shrinkage and 90 day shrinkage.   
Sc-1year = 1.025 Sc-90 day + 152    (4.6) 
 It should be noted that though the shrinkage of FC is high compared to NWC and 
LWAC, the data points of the corresponding concretes were positioned almost closer to the 
observed trend lines in both the Figs. 4.24 and 4.25.  In other words, even though the shrinkage 
of FC is higher at early age (28 and 90 days), it is also even higher at later age (1 year) resulting 
in good relationship similar to NWC and LWAC.  From the above observations, the use of 
equation (4.6) can be suggested as that giving much better prediction (< 30%) than the equation 
(4.5), for predicting 1 year shrinkage.  If 90 day measured shrinkage data is not available, even 
equation (4.5) can also be used for predicting 1 year shrinkage with an accuracy of ±30% using 
the 28 day shrinkage data.   
4.3.3  Creep 
Creep can be defined as the increase in strain under a sustained stress.  It is commonly 
stated that the creep and drying shrinkage are interrelated phenomenon because there are 
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number of common factors which affect these two.  They are, effect of mix proportions (w/c 
ratio, aggregate quantity and quality, cement characteristics, air content and admixtures), 
environment (humidity and temperature), and design and construction (curing and volume to 
surface ratio).  In addition to these, creep will be affected by the age of loading and amount of 
load (ACI 209 2003).  Both the drying shrinkage and creep show viscoelastic phenomena; 
originates from the same source, the hydrated cement paste; stress-strain cures are very similar.   
For the determination of creep behaviour of different concretes, stress/strength ratio 
was fixed at 35% of the 7 day cylinder compressive strength.  The total strain in a creep 
specimen is the sum of the elastic strain and the creep strain.  Elastic strain would occur when 
load is applied onto the creep specimens.  Though all the specimens were loaded with 35% of 
the 7 day cylinder compressive strength, due to very significant changes in compressive 
strengths of different concretes, the stresses applied on each concrete is different.  Therefore in 
order to normalize for different stress levels, the specific creep that defines the creep per unit 
stress (microstrain/MPa) was computed and discussed more elaborately.  However, it should be 
noted that the creep behaviour of concretes discussed excluded the elastic strain upon loading 
and drying shrinkage upon drying.  Creep behaviour of concrete can also be expressed as ‘creep 
strain’; and ‘creep coefficient’ which is the ratio of creep strain to the initial elastic 
deformation.   
4.3.3.1  Effect of air content 
The effect of air content on creep of FC (w/c 0.30) is shown in Figs. 4.26a and 4.26b.  
The creep behaviour of FC in the form of specific creep and creep coefficient shows increased 
values with increase in air content.  It is believed that the desorption of water from voids in the 
gel is one of the mechanisms that causes creep (Neville, 1997) and since the FC contain high 
binder content and subsequently water content (w/b ratio is same for all the concretes) this 
would result in higher creep.  The FC with 30 and 45% air contents exhibited 40% and 100% 
higher specific creep than compared with 15% air content at 150 days of loading.  It can be 
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observed from Fig. 4.26c that for comparable air content FC with sand shows 25% lower 
specific creep than compared with FC.  In both the concretes, creep increases with increase in 
air content.   
The increase in creep of FC with increase in air content may also be due to that for a 
given w/c ratio, with increase of air content, it was observed earlier (Figs. 3.6) that the air-void 
system of foamed was affected significantly.  Furthermore, with increase in air content the 
microstructure of FC was also affected significantly resulting in higher volume of fine pores, as 
was observed from the MIP test results (Fig. 4.8).  These fine pores are responsible for drying 
shrinkage and creep and it was reported that the load-induced time dependent deformations of 
concrete are largely attributed to the movement of capillary and adsorbed water within the 
concrete system to the movement of water to the environment and to the development and 
propagation of internal micro cracks (Smadi et al. 1987).   
The increase in creep of FC with increase in air content could also be due to that the 
increased air content makes the concrete more porous, leading to less rigidity of FC and poor 
confinement of the paste which facilitate the transfer of moisture more easily than less porous 
concrete where the diffusion of water towards the outer environment is lowered due to highly 
dense concrete.  In the case of air entrained NWC, work at the US Army Engineers 
Laboratories (1957) reported an increase in creep with increase in air content.  It was reported 
that after one year under load applied at 28 days, concrete with 5.4% entrained air showed 40% 
more creep than non-air entrained concrete, which had an air content of 1.7%.  Jones et al. 
(1959) investigated the effects of air entrainment in LWAC and concluded that the net effect of 
air entrainment is usually to increase the creep.   
4.3.3.2  Effect of aggregate density/type and aggregate volume 
The effect of aggregate (sand and LWA) volume on creep of FC is shown in Figs. 
4.27a and 4.27b.  It can be observed that the addition of 20% sand and 20% LWA to FC 
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exhibited almost similar performance in controlling the creep of concrete up to 90 days.  
However, beyond 90 days, FC with LWA shows slightly higher creep than FC with sand.  The 
addition of 50% sand and 50% LWA to FC exhibited significantly lower creep values than the 
FC.  The addition of sand and LWA of 20% shows about 25% and 21% lower specific creep, 
respectively at 150 days of loading.  Whereas, the addition of sand and LWA of 50% shows 
about 70% and 55% lower specific creep, respectively.  The reason for considerable decrease in 
creep of FCA is due to the decrease in the volume of foamed matrix, which may be liable to 
creep more than the sand and LWA.  The decrease in creep also could be due to the improved 
modulus of elasticity and the subsequent restraining effect of aggregate on creep of concrete.  
Neville et al. (1983) compiled the information on creep based on the composite model approach 
by Counto (1964), if the aggregate does not creep and does not absorb water, the specific creep 





























































































; Cm(t) is the specific creep of the matrix at time t; and Va is the fractional volume 
of aggregate.  Counto verified the above model (Eq.4.7) by testing specific creep of concrete 
made with cast iron, flint gravel, glass and polythene aggregate with modulus of elasticity 
values ranging from 104.8 to 0.293 GPa.  The specific creeps of the concretes with the 
corresponding aggregates were reported from 14 to 108 microstain/MPa.  The observation of 
lower creep of FCA and the decreased creep with increase of aggregate volume in FC (Figs. 
4.27a and 4.27b) were in agreement with the creep of NWC, as the creep behaviour of concrete 
is influenced by the collective parameters such as modulus of elasticity matrix and the 
composite (concrete) and the volume of aggregate (eqn. 4.7).   
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To understand the effect of aggregate in FC better, the results were plotted between the 
specific creep (Cfca/Cfc) ratio and modular (Efca/Efc) ratio of FC and FCA in Fig. 4.27c.  The 
trend lines are corresponding to the different volumes of aggregates in FC.  Though the FC with 
different volumes of sand and LWA showed decrease of specific creep with increase of 
aggregate volume collectively in Fig. 4.27b, the relationship between the specific creep ratio 
and modular ratio were observed to be different similar to drying shrinkage (Fig. 4.11).  From 
the Fig. 4.27c, it can be interpreted that for FC with sand, trend lines indicate that with increase 
of Efca/Efc ratio, the Cfca/Cfc ratio decreased.  Whereas, in the case of FC with LWA, the later 
decreases with decrease in the former.  The extensions of trend lines in the from of dotted lines 
indicate that with further increase of aggregate volume, the decrease of Efca/Efc ratio in FC with 
LWA seems to be more significant than the FC with sand and the decrease of Cfca/Cfc ratio in 
the former seems to be less significant than the latter.  From the above it can be deduced that 
the addition of aggregate to FC helps to control the creep of FC significantly, however, the 
addition of sand was found to be better than the LWA at higher volumes (0.50).   
 The effect of aggregate volume on creep of LWAC is shown in Fig. 4.28.  Creep of 
LWAC decreases with increase in L9 aggregate volume similar to the influence of aggregate 
volume on drying shrinkage (Fig. 4.12).  However, this observation may not be true all the time 
if considering the LWA of different types and volumes.  This can be confirmed from Fig. 4.29.  
It can be observed that concrete with NWA and expanded clay aggregates (L9-L5) shows 
decrease in specific creep with increase in aggregate volume, whereas, the pumice and EPS 
aggregates show increase in creep with increase in volume.   
The addition of L9 aggregate by volume from 0.20 to 0.50, concretes exhibited 15 to 
40% lower specific creep than the concrete without aggregate (mortar).  For the same aggregate 
volume, NWC exhibited the lower creep than the LWAC.  The LWAC with EPS and pumice 
aggregates shows about 50 and 120% higher specific creep than the mortar without aggregate.  
This difference in behavior with different aggregate types and volume can be explained from 
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equation 4.7, that the creep of concrete is influenced by the aggregate volume and its modulus 
of elasticity in relation to concrete and matrix modulus.  An important implication of Counto 
model is that, as a result of restraint which the aggregate exercises on creep of cement paste, 
load is gradually transferred from the paste to the aggregate.  If we can assume that the creep of 
cement paste is proportional to the applied stress, it follows that the rate and magnitude of creep 
are lower the higher the modulus of elasticity of the aggregate (Neville et al. 1983).   
 The creep results of different concretes made with same w/c ratio but different type of 
coarse filler (NWA, LWAs and air) shown in Fig. 4.30 indicate different rates and amounts of 
specific creep similar to drying shrinkage (Fig. 4.16).  FC shows the highest specific creep 
followed by LWAC concrete and NWC.  FC exhibited about 6.4 times higher specific creep, 
followed by PumC (3.5 times), EPSC (2.4 times) and LWAC with L5 to L9 aggregates (1.5 to 
1.13 times) than the NWC at 150 days of loading.  As creep is mainly influenced by the 
hydrated cement paste which undergoes creep in concrete and the role of aggregate in concrete 
is primarily to offer restraint; the usual NWA are less susceptible to creep under the stresses 
existing in concrete.  However, in the case of LWAC, porous nature of aggregate influences the 
creep of LWA concrete compared to NWC because LWA generally have lower modulus of 
elasticity with higher porosity, which play a direct role in the transfer of moisture within the 
concrete.  This transfer may be associated with creep in that it produces conditions conducive 
to the development of drying creep.  Moreover, the most probable explanation of the influence 
of aggregate type on creep is in terms of modulus of elasticity of aggregates because the higher 
the modulus the greater the resistance offered by the aggregate to the potential creep of cement 
paste.   
In the case of FC, since it contain air in place of coarse aggregate which may not 
provide resistance against the creep of cement paste, it might result in significantly higher creep 
values than NWC and LWAC.  The trends of creep and drying shrinkage behaviour of 
concretes were observed to be almost similar, that is, increase of the shrinkage and creep 
Chapter 4: Deformational properties of LWCs 
 150
properties with decrease of density (increase of porosity).  This observation is in agreement 
with Reichard (1964), who found that aggregates leading to high shrinkage also result in high 
creep.  From the above, it can be deduced that, to control the creep of concrete, aggregate with 
higher modulus of elasticity (density) is needed and higher volumes of these aggregates may be 
further beneficial.   
It can also be interpret that the creep of concrete with equivalent mixture portions but 
different type (density) of aggregate is mainly influenced by the given type of aggregate.  
Therefore, the creep (specific creep and creep coefficient) of different concretes were 
normalized, to know the effect of each aggregate on creep, with the creep of NWC at 150 days 
and shown in Fig. 4.31.  Similar to normalized drying shrinkage values for different aggregates, 
the creep information are also useful for the designers as a practical guidance when they deal 
with concretes containing different type of aggregates.  The results indicate (Fig. 4.31) that 
concrete with expanded clay aggregates, L9 to L5 exhibited correspondingly 14 to 43% higher 
creep coefficient than the NWC, whereas, the EPS and Pumice aggregates even resulted up to 
90 and 177% higher creep coefficients, respectively.   
The correlation between the specific creep and modulus of elasticity of the different 
concretes are shown in Fig. 4.32.  It can be observed that the data points from the present study 
are well aligned with the data reported in literature (Alexander 1996; Gesoglu et al. 2004; and 
Brooks 2005).  Concretes with modulus of elasticity lower than 15 GPa, shows high specific 
creep values in all the type of concretes (FC, FCA and LWAC).  Most of the creep data of all 
the aggregate concretes (FCA, LWAC, and NWC) was positioned within the ±50% lines.  For 
range of modulus of elasticity (4 to 55 GPa) considered, similar to drying shrinkage, the change 
of creep is less significant for the concrete modulus of elasticity values higher than 15 GPa.  
This confirms the earlier observation that concrete with higher modulus of elasticity may be 
desirable to achieve the concretes with lower creep.   
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4.3.3.3  Effect of w/c ratio and mineral admixtures 
The effect of w/c ratio on creep of LWAC with L9 aggregate is shown in Figs. 4.33(a1) 
and 4.33(a2).  The specific creep of concrete was observed to be increasing with increase in w/c 
ratio similar to NWC (Alexander 1996; Smadi et al. 1987; Gesoglu et al. 2004).  The decrease 
of w/c ratio from 0.56 to 0.30, exhibited 55% lower specific creep than the LWAC with 0.56 
w/c ratio.  For a given type of aggregate, it was reported that the creep of concrete depends on 
the relative pore volume and spaces in the cement gel and on the amount of water occupying 
these pores at the time of loading.  Specimens with higher w/c ratio will have higher capillary 
porosity of cement paste, and will have greater amounts of capillary and adsorbed water, and 
therefore will have higher final creep compared to concretes with lower w/c ratio.  Since in the 
present study, only w/c ratios were varied without changing the type and amount of aggregate 
the creep behaviour of LWAC concretes can be expected to be same as NWC.  This can also be 
confirmed from the LWAC with and without silica fume and type of cold bonded fly ash 
LWAs results reported by Gesoglu et al. (2004) included in Fig. 4.33(a2).  The decrease of 
specific creep with decrease in w/c ratio was appeared to be consistent even in the LWAC with 
silica fume, which can be observed from the Gesoglu et al. results.  The relationship between 
the specific creep and w/c ratio shows a good exponential fit with a correlation coefficient of 
0.996 for the concretes studied.  Therefore, it can be deduced that, to control the drying creep of 
concrete, low w/c ratios can be recommended even in LWCs.   
The effect of mineral admixtures on creep of LWAC with L9 aggregate is shown in 
Fig. 4.33(b).  Results shows that the mineral admixtures in LWAC seemed to be significant; 
similar to drying shrinkage, specific creep of concrete also decreased in the same order of OPC, 
SF, GGBFS followed by GGBFS+SF.  Though the effect on mechanical properties of these 
concretes were not much pronounced (Table 3.10) with the addition of mineral admixtures due 
to the limiting strength of aggregate, the deformational properties such as shrinkage and creep 
were observed to be considerable.  The LWAC with mineral admixtures exhibited 10 to 30% 
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lower specific creep than with only OPC as the binder.  This suggests that concrete with OPC 
was more compressible under sustained load than the concrete with mineral admixtures, in 
which the existence of denser hydration products would increase the resistance to sustained 
compression (Li et al. 2002).  The decrease of specific creep in LWAC with SF was also 
reported by Gesoglu et al. (2004) (Fig. 4.33(a2)).  The literature on specific creep of NWC with 
similar combination of mineral admixtures confirms the significant effect of mineral 
admixtures on creep behaviour of concrete (Li et al. 2002).  Furthermore, the microstructure 
studies on these mortars (Fig. 4.19c) also justify the trend of decrease of specific creep from 
OPC, SF, GGBFS followed by GGBFS+SF.  As it was reported that under drying shrinkage the 
pozzolanic reaction of mineral admixtures refines the pore structure and densifies the cement 
paste, and the water absorbed inside the aggregate provide a means for continued cement 
hydration and pozzolanic reaction, thus further densifying the cement paste in LWAC (Zhang 
et al. 2005) which might resulted in lower specific creep than compared to LWAC with only 
OPC as binder.   
4.3.4  Comparison of shrinkage and creep prediction models for LWCs 
 There are five important models (Annex 3) that have been proposed in the literature to 
predict the shrinkage and creep of concrete. ACI 209R-92 (2003) is recommended by the 
American Concrete Institute; CEB MC90 (1991) is used in Europe; B3 (1995) was developed 
by Bazant; GL2000 (2001) was developed by Gardner and Lockman and SAK (1993) was 
developed by Sakata.  The inputs of these models and the limitations of these models are given 
in Table 4.1.  In this study, the drying shrinkage and specific creep results observed from the 
experiments for different concrete were compared with the predicted drying shrinkage and 
specific creep values using the above models.  The predicted values were obtained using the 
actual mix proportions and measured fresh and mechanical properties of concretes.  The 
different models were statistically evaluated for obtaining the best prediction model.  A residual 
Chapter 4: Deformational properties of LWCs 
 153
value (R) which is the difference of predicted (P) and measured (M) value (P – M) was 
calculated.   
Thus, the residual value is an indicator for the models ability to either overestimate or 
underestimate shrinkage or creep.  However, the residuals do not necessarily determine which 
model is the best predictor.  To determine which model is the best predictor, two analyses were 
performed.  One is the error percentage analysis and the other is the summation of the residuals 
squared test (Chi-square test).  These two are obtained as follows:   
Error percentage = ((R x 100)/M)    (4.8) 
Chi-square = (∑R2)     (4.9) 
The comparison of predicted shrinkage and creep values using the models were plotted 
against the measured values for different concretes as shown in Fig. 4.34 and 4.35, respectively.  
For the sake of discussion, ±40% of equality lines are also included in both the figures.  The 
statistical observations of error percentage and squared residual for the above models for 
different concretes are given in Tables 4.2 and 4.3 for shrinkage and creep, respectively.  The 
order of ranking (1/I to 5/V – Best to Worst) for five different models for each concrete based 
on the statistical observations and total ranking of all the concretes for each model was also 
included in the Tables 4.2 and 4.3.  The ratios of average predicted shrinkage and creep to 
measured shrinkage and creep are given Table 4.4. It can be generally observed that all the 
models are underestimating the drying shrinkage and specific creep values for FC without 
aggregates.   
Among the different models for predicting the drying shrinkage and specific creep, 
SAK model was observed to be the best predictor from the total ranking results (Tables 4.2 to 
4.4) followed by ACI 209 and GL2000.  The Figs. 4.55 and 4.56, also indicates that the SAK 
model shows good agreement with the experimental values for the NWC, LWAC made with L9 
and L6 aggregate and FC with LWA (most of the data lies within ±40%).  The recent study also 
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confirms that the SAK model appears to predict most closely the measured values (Videla and 
Aguilar 2006) than the other models.  For the FC and FC with sand, the predicted shrinkage 
values from the SAK model was appeared to be less accurate than the predicted creep values.  
For the LWAC with pumice aggregate, all the models were under estimating the shrinkage at 
early age and overestimating at later ages; whereas, all the models collectively under estimate 
the specific creep values at all the ages.  After SAK model, the ACI 209 and GL2000 models 
exhibiting almost similar performance from the statistical point of view in predicting the 
shrinkage and creep values.  These two models failed to give better predictions for the FC and 
FC with LWA in the case of drying shrinkage.  The accuracy of specific creep estimations were 
better in both these models compared to drying shrinkage.  After ACI 209 and GL2000 models, 
the CEB MC90 and B3 models shows almost same performance from the total ranking, 
however, the former exhibits lower prediction values and the later higher prediction values than 
the measured values in most of the concretes.   
From the Figs 4.34 and 4.35, it can deduce that for predicting the shrinkage and creep 
based on the mixture proportions and mechanical properties, the order of preferred models 
based on the accuracy for different concretes is as follows.  For the drying shrinkage and 
specific creep of LWAC- SAK, ACI 209, GL2000, B3 and CEB MC90 models can be 
suggested.  Whereas, for the drying shrinkage of FC - GL2000 and B3 models; for the FC with 
sand- GL2000 and ACI 209 models; and for the FC with LWA- SAK and CEB MC90 models 
were found to be better than other models.  For the specific creep of FC - ACI 209 and SAK 
models; FC with sand- ACI 209 and CEB MC90 models; and FC with LWA- SAK and CEB 
MC 90 models were found to be better.  However, it should be noted that the prediction 
accuracies of these models are lower for FC and FCA than the LWAC.   
4.4  Summary 
The deformational properties of FC were found to be generally higher than the LWAC 
and NWC, for comparable modulus of elasticity.  For a given w/c ratio, autogenous shrinkage 
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of FC was not affected much even for the significant variation of air contents.  However, for the 
equivalent mixture proportions, FC exhibited the highest autogenous shrinkage followed by 
NWC and LWAC.  LWAC exhibited swelling instead of shrinkage.  The addition of aggregates 
(sand and LWA) to the FC were found to be effective in controlling the autogenous shrinkage 
of FC and significantly lower autogenous shrinkages were observed with LWA than sand.   
Though the air content does not affect autogenous shrinkage of FC much, it 
significantly affected the drying shrinkage of FC and FC with sand.  For a given air content, 
FCA exhibited lower drying shrinkages than FC.  For a given w/c ratio, air content was also 
found to influence the microstructure of the FC in addition to the macrostructure (air-void 
system discussed in Chapter 3).  The drying shrinkage of FC can be controlled effectively by 
adding aggregates to it; however, for a given volume of aggregate rate of shrinkage at early 
ages can be controlled better with the addition of LWA than sand.  The drying shrinkage of 
LWAC was found to decrease with increase in the aggregate density and volume.  For 
equivalent mixture proportions, long term drying shrinkage of LWAC was found to be higher 
than the NWC with all the types of LWA used in this study.  LWAC with expanded 
polystyrene and pumice aggregates exhibited significantly higher drying shrinkage than with 
the expanded clay aggregates.  It was found that the rate and amount of dying shrinkage of 
LWCs can be lowered with the use of low w/c ratios, use of mineral admixtures and increased 
age of curing.  Fibers of different types and volumes were found to be not effective in 
controlling the drying shrinkage of FC and LWAC similar to NWC.  Based on the shrinkage 
results from the present study and data obtained from the literature some prediction models 
were suggested for predicting the drying shrinkage using modulus of elasticity of concrete; and 
the long term (1 year) shrinkage using the short term (28 and 90 day) shrinkage data.   
Furthermore, similar to drying shrinkage, the creep of FC is also affected by air 
content.  The addition of sand to FC was found to be better than the addition of LWA, in 
minimizing the creep.  The creep of LWAC was also found to be decreasing with increase of 
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aggregate density and aggregate volume similar to drying shrinkage.  For equivalent mixture 
proportions but except the change of filler type (air and LWA), FC exhibited higher creep 
followed by LWAC with pumice and EPS.  FC showed higher creep followed by FCA and 
LWAC for comparable modulus of elasticity of concrete.  Among the different shrinkage and 
creep prediction models, SAK and ACI 209 models were found to be better for predicting the 
drying shrinkage and specific creep of LWAC.  All the models failed to predict the drying 
shrinkage and specific creep of FC.   
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Table 4.1  Shrinkage and creep models limitations and required parameters 
 
Parameter ACI 209R-92 CEB MC 90 B3 SAK GL 2000 
Model limitations 
fcm (MPa) - 20 – 89 17 – 70  - 20 – 70  
a/c - - 2.5 – 13.5 - - 
c - - 160 – 720  250 – 500  - 
w/c - - 0.30 – 0.85  0.38 – 0.68 0.40 – 0.60 
RH (%) 40 – 100  40 – 100 40 – 100 60 – 80  40 – 100 
Cement type I or III R, SL, or RS I, II, or III I or III I, II, or III 
to or ts (moist 
cured) 







No No No No  
Model Parameters# 
a/c NR NR R NR NR 
fcm or f’c28 R R R NR R 
c NR NR R R NR 
RH R R R R R 
w NR NR R R NR 
to R R R R R 
ts R R R R R 
Cement type R R R R R 
V/S or A/u R R R R R 
Air content R NR NR NR NR 
FA/TA R NR NR NR NR 
σ R R R R R 
#
 NR – not required; R- required 
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Total ranking: Best to worst 
1/I 2/II 3/III 4/IV 5/V 
ACI 209R-
92 (2005) 
Error (%)  20.52III 42.24III -18.96III 51.17II -84.75IV -35.50I -53.77II 1 2 3 1 - 
∑R2 501594 806791 1445043 3887652 202467764 8630622 9320984 1 2 1 3 - 
CEB MC 
90 (1991) 
Error (%) -15.47II 40.22II -14.601 54.37IV -62.94II 50.22III 104.22III 1 3 2 1 - 
∑R2 983965 1750274 3109545 4751524 122837793 71067363 2495132 - 1 2 2 2 
B3 (1995) Error (%)   32.44
V 90.31V 47.73V 53.22III 180.56V 62.05IV 118.03IV - - 1 2 4 
∑R2 240693 2300245 1851184 4618523 84336222 31230275 3588043 - 1 3 1 2 
GL 2000 
(2001) 
Error (%)   27.08IV 63.37IV 25.78IV 146.22V -58.62I -38.01II 193.22V 1 1 - 3 2 
∑R2 149882 1364953 420981 11080995 65578361 2118731 24346355 3 1 1 - 2 
SAK 
(1993) 
Error (%)   8.27I 22.78I -16.19II 50.33I -74.49III -61.12V 46.73I 4 1 1 - 1 
∑R2 69571 875242 1221202 3822731 1395050665 27324234 2372141 3 2 - 1 1 
 
 










Total ranking: Best to worst 
1/I 2/II 3/III 4/IV 5/V 
ACI 209R-
92 (2005) 
Error (%)  -11.20I 15.35III 15.40III -44.57II -30.79I 60.60IV 104.83V 2 1 2 1 1 
∑R2 3101 4253 10064 522063 374051 73875 374875 2 - 2 1 2 
CEB MC 90 
(1991) 
Error (%) -38.96V -20.94IV -18.54IV -47.40IV -59.95IV -54.50II 32.30II - 2 - 4 1 
∑R2 34885 15325 15525 595195 1426314 6361 12271 2 - - 1 4 
B3 (1995) Error (%)   -29.54
IV 
-10.45II -27.34V -48.91V -76.26V -51.51I 35.57III 1 1 1 1 3 
∑R2 16024 3222 9193 366881 1891445 66574 63814 1 1 1 3 1 
GL 2000 
(2001) 
Error (%)   13.02II 26.98V 10.80II -45.43III -54.03III -62.86V 48.74IV - 2 2 2 1 
∑R2 2722 12534 4422 589354 1171573 45533 20863 - 2 3 2 - 
SAK (1993) Error (%)   -21.31
III 0.675I 0.585I -41.99I -43.44II -57.45III 23.12I 4 1 2 - - 





Table 4.4  Ratios of Predicted deformation to Measured deformation 
 
Type of 
concretes ACI CEB GL2000 B3 SAK 
 
Ratio of Predicted shrinkage to Measured shrinkage 
(Sc,Predicted/Sc,Measured) 
NWC 1.207 0.826 1.122 1.157 1.082 
LWAC(L9) 1.227 1.117 1.249 1.231 1.235 
LWAC(L6) 0.800 0.821 1.008 0.829 0.824 
LWAC(Pum) 1.805 1.774 1.651 1.548 1.596 
FC without agg. 0.246 0.524 0.678 0.882 0.445 
FC with sand 0.786 0.687 1.005 0.530 0.498 
FC with LWA 0.509 1.991 1.874 1.044 1.109 
 
Ratio of Predicted creep to Measured creep               
(Cc,Predicted/Cc,Measured) 
NWC 0.888 0.610 1.130 0.705 0.787 
LWAC(L9) 1.153 0.791 1.270 0.896 1.007 
LWAC(L6) 1.154 0.815 1.108 0.927 1.006 
LWAC(Pum) 0.554 0.526 0.546 0.586 0.580 
FC without agg. 0.778 0.400 0.501 0.240 0.633 
FC with sand 1.206 0.826 0.954 0.947 0.905 















































































































































































Fig. 4.5  Autogenous shrinkage of different concretes for equivalent  
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Fig. 4.6  Effect of (a) sand and (b) LWA volume on autogenous shrinkage of FC 
(a): Sand 
(b): LWA 
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Fig. 4.8  Effect of air content on pore size distribution of FC 
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Fig. 4.11  Shrinkage ratio (Sfca/Sfc) in terms of modulus ratio (Efca/Efc) for FC with different 
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Fig. 4.13  Effect of aggregate volume on shrinkage (Sc/Sm) ratio of concrete  



























Fig. 4.14  Effect of aggregate type on drying shrinkage with age of drying for  
























































Fig. 4.15  Normalized drying shrinkage of concretes with different  


























Fig. 4.16  Shrinkage ratio (Sc/Sm) in terms of modulus ratio (Ec/Em)  
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Fig. 4.17  Effect of w/c ratio on drying shrinkage of FC and LWAC 
(a): FC-30 without agg.   
(b): LWAC   
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Fig. 4.18  Effect of age of curing on drying shrinkage of FC and LWAC 
(a): FC-30 without agg.   
(b): LWAC   
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Fig. 4.19  Effect of mineral admixtures on drying shrinkage of FC and LWAC 
 
(a): FC-30 without agg.   
(b): LWAC   
(c): pore size 
distribution 
Mean pore diameter (Å) 
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Fig. 4.21  Effect of aggregate soaking on drying shrinkage of LWAC 
FC with fiber 
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Fig. 4.22  Correlation between drying shrinkage and modulus of elasticity of different  










Fig. 4.23  Long term drying shrinkage behaviour of different concretes  
Sc = 6112.5 Ec-0.7681 

























Fig. 4.24  Relationship between observed shrinkage at 1 year and at 28 days for  




























Fig. 4.25  Relationship between observed shrinkage at 1 year and at 90 days for  
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Fig. 4.30  Effect of aggregate type on specific creep with age of loading for equivalent mixture  













































0 10 20 30 40 50 60
















) FC without agg. FC with sand
FC with LWA LWAC
NWC Brooks (2005)-NWC
Alexander (1996)-NWC Brooks (2005)-LWAC






























Gesoglu et al. (2004)-LWAC-OPC
Gesoglu et al. (2004)-LWAC-SF











0 30 60 90 120 150 180



































0 30 60 90 120 150 180






























































L9 aggregate  
+ 50% 
Cc = 23.6 e2.2268*w/c 




































































































































































Fig. 4.34  Comparison between measured and predicted drying shrinkage  
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Fig. 4.35  Comparison between measured and predicted specific creep with  
     various models for different concretes (FC, FCA, LWAC and NWC) 
Measured pecific creep (Microstrain/MPa) 
GL2000 SAK 












SHRINKAGE CRACKING BEHAVIOUR OF 
LIGHTWEIGHT CONCRETES 
5.1  Introduction 
 Shrinkage cracking can be a serious problem in concrete structures.  It has become 
evident that cracks can be problematic because they accelerate the penetration of aggressive 
agents into concrete, thereby accelerating the corrosion of reinforcing steel (Wang et al. 1997; 
Schiessl 1998).  Increased susceptibility to environmentally induced cracking is of particular 
concern in large flat structures such as highways, bridge decks and industrial floors because 
these structures typically have a high rate of shrinkage and are frequently exposed to high 
concentrations of corrosive agents (Weiss et al. 2000).  Therefore, to improve the durability and 
long-term performance, concrete with lower risk of shrinkage cracking is essential.   
 There are many methods to study the shrinkage cracking behaviour of concrete 
(discussed in Chapter 2).  They are (a) free shrinkage test; this is not a significant material 
parameter to characterize structural effects because of the influence of geometry, creep, 
stiffness, and fracture resistance, (b) bar specimens; often difficulties were reported with this in 
obtaining the end restraint similar to the difficulties associated with testing concrete in direct 
tension, (c) plate or slab specimens; difficulties were encountered in providing sufficient 
restraint and biaxial state of stresses and therefore, ring specimens are often preferred in 
laboratory applications.  Ring specimens use axis symmetry to simulate an infinitely long slab 
that is easy to conduct in the lab; due to its simplicity and versatility it has become more 
commonly used over the last decade to assess the shrinkage cracking behaviour of concrete.   
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 For a given concrete, higher and lower cracking resistances were reported for 
specimens with increased concrete thickness (constant steel ring thickness) and increased steel 
ring thickness (constant concrete ring thickness), respectively despite having identical free 
shrinkage characteristics (Hossain and Weiss 2006).  This gives an indication that the specimen 
geometry and boundary conditions influence the stress developments and age of cracking when 
restrained.  It is known that the shrinkage cracking potential of a given concrete is influenced 
by the magnitude of shrinkage, rate of shrinkage, stress relaxation, degree of structural restraint, 
time dependent material property development (strength, modulus and fracture resistance), and 
the structural geometry (Weiss et al. 2000).  However, to evaluate the shrinkage cracking 
potential of different concretes, it may be necessary to keep some of the parameters constant.  
Therefore, in this study, concrete ring and steel ring dimension were kept constant for 
evaluating the shrinkage cracking potential of various concretes (FC, FCA, LWAC and NWC).   
There are some reports that discussed on shrinkage cracking of LWAC with free 
shrinkage tests (Newman 1993; Zhang et al. 2005) and restrained shrinkage test (Gesoglu et al. 
2004).  However, these reports did not emphasise on stress developments, probable age of 
cracking, and the consequent cracking potential of LWAC which are useful to choose concrete 
with lower risk of shrinkage cracking for a specific application.  Furthermore, FC is a relatively 
a new concrete and shrinkage cracking behaviour this concrete with and without aggregates is 
unknown. Therefore, it is vital to understand this behaviour before recommending for a specific 
application. The increased recent worldwide use of LWC for different applications makes it 
essential to understand shrinkage cracking behaviour of LWC for achieving concrete with 
lower potential risk of shrinkage cracking.   
 This chapter covers the third objective of study that focussed on understanding the 
shrinkage cracking behaviour of LWC for assessing cracking potential of LWC to achieve 
concretes with lower risk of shrinkage cracking and for providing possible measures on 
controlling potential risk of shrinkage cracking.  The scope of works are i) to assess the effect 
of filler (air or aggregate) volume, filler type/density, w/c ratio, fibers, mineral admixtures and 
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curing on shrinkage cracking behaviour of LWC though restrained ring test experiments; ii) to 
understand the tensile stress developments and age of cracking though theoretical analysis by 
considering time dependent material properties for the restrained ring geometry; and iii) to 
study the shrinkage cracking behaviour of FC and FCA in comparison with LWAC through 
experimental and theoretical analysis for identifying parameters that influence shrinkage 
cracking potential of LWC.   
5.2  Experimental investigation 
The details of the materials and the mix proportions of FC, FCA and LWAC used for 
restrained shrinkage cracking study were given in Tables 3.4 and 3.5, respectively.  The 
mechanical and deformational properties of these concretes were discussed in Chapters 3 and 4, 
respectively.   
5.2.1  Specimen details and test program 
The restrained ring specimen geometry used in this study is depicted in Fig. 5.1.  The 
restrained ring test adopted is similar to the American Association of State Highway and 
Transportation Officials (AASHTO) ring with some exceptions due to the limitations of 
AASHTO test with respect to size effects and non-uniform drying, highlighted by Weiss and 
Ferguson (2001).  Firstly, the circumference of the concrete ring was sealed using two layers of 
aluminium adhesive tape after removal from the curing room before conducting the restrained 
ring test in a controlled room with temperature and relative humidity (RH) set to 30±1oC and 
65%, respectively.  By permitting drying from only the top and bottom surface of the ring, 
instead of drying from the circumference specified in AASHTO test, uniform moisture loss 
through the radial dimensions of the specimen is provided.  Secondly, the height of the 
specimen was reduced to 75 mm instead of 150 mm to increase the shrinkage rate and to enable 
a direct comparison to the linear shrinkage results obtained from ASTM C 157 test by sealing 
the two side and ends of the free shrinkage specimens with aluminium tape for providing 
identical drying conditions to the concrete in the ring.  This implies that the measured free 
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shrinkage from the prism can be compared directly to the ring specimen without the need for 
any geometric corrections (Hossain and Weiss 2004).  Concrete ring was cast around the steel 
ring and each steel ring used in this study had four strain gauges attached at mid height of the 
inner surface of the steel ring.  The strain gauges were connected to the data acquisition system 
for monitoring and the data was acquired at 3 hour interval until end of the test.  The typical 
photograph of restrained ring specimens under testing is given in Fig. 5.2.   
In this study, the strains measured on the steel ring, induced by the concrete ring while 
drying, was used to estimate the maximum residual tensile stress that develop in the concrete.  
To convert the strains in the steel to stresses in the concrete, Hossain and Weiss (2004) 
provided the solution by idealizing the concrete cylinder being pressurized at the inner surface 
and steel cylinder pressurized with an equal and opposite pressure at its outer surface with a 
fictitious interface pressure.  The fictitious interface pressure (presidual) at time t that is required 
to generate a strain that is equivalent to the measured strain in steel (εsteel) ring at a time t and 
modulus of elasticity of the steel (ES) can be determined using the following equation.   
presidual(t) = - εsteel(t) Es C1R    (5.1) 






 the ring constant, ROS and RIS are the outer radius of the steel ring.  
Equation (5.1) illustrates that the interface pressure can be determined simply by using the steel 
material properties, geometry of the steel ring, and the average strain that is measured at the 
inner radius of the steel ring using electrical strain gauges.   
 Once the interface pressure is obtained, the maximum residual tensile stress at time t 
(σActual-Max (t)) that develops in concrete ring can be obtained using the following relationship.   
σActual-Max (t) = - εSteel (t) ES C1R C2R   (5.2) 
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 and C1R is given in equation (5.1).  These residual stresses can then be 
related to a tensile strength or fracture mechanics failure criterion.  The equation (5.2) 
suggested is only truly valid when shrinkage occurs uniformly along the radius of the specimen 
(Hossain and Weiss 2004); therefore the same drying conditions were adopted in the present 
study.   
The drying shrinkage specimens with a cross sectional dimensions of 75 x 75 mm and 
400 mm long, equivalent to cross-sectional dimensions of the restrained ring specimen, was 
used to obtain a free shrinkage of the unrestrained rings from the linear specimens.  In this 
study the two side faces and ends of the free shrinkage specimen was sealed with aluminum 
tape for proving the identical drying conditions of the concrete in the restrained shrinkage ring 
specimen.  The measurement of drying shrinkage was covered in Chapter 4.  The free shrinkage 
measurements obtained from the above specimens were used in restrained shrinkage stress 
analysis.   
 Besides the free shrinkage and restrained shrinkage specimens, the time dependent 
material properties such as splitting tensile strength and modulus of elasticity tests data at 7, 14, 
28 and 90 day, and the creep behaviour through creep coefficient and fracture toughness test 
data at 28 day were also used for evaluation and discussion of shrinkage cracking potential of 
different concretes.  The details of all these tests were covered in Chapter 3 and Chapter 4.   
 Typical picture of crack in a restrained concrete ring specimen is given in Fig. 5.3.  To 
understand the effectiveness of fiber volume and type on controlling the crack widths, crack 
widths were measured using hand held microscope (1 division = 0.02 mm) along the radius of 
the concrete ring (along the length of crack) at three locations indicated in Fig.5.3.  The 
microscope used for crack width measurements is shown in Fig. 5.4.   
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 Most of the concretes studied for the restrained shrinkage cracking tests were cured for 
7 days, before commencing the test.  The concrete tested for the effect of curing age on 
shrinkage cracking was cured for 1, 7 and 28 days.  To accelerate the age of cracking, fiber 
reinforced LWAC were tested after 1 day curing (i.e. test was commenced immediately after 
demoulding).  The same 1 day curing was adopted even for the specimens used for determining 
the mechanical and deformational properties of these concretes.   
5.2.2  Theoretical restrained shrinkage analysis 
 In this study, ring specimen (Fig. 5.1) was used for the restrained shrinkage analysis.  
Generally, theoretical elastic shrinkage stress is the product of modulus of elasticity and 
shrinkage strain.  For the restrained ring test, the following expression has been suggested for 
estimating theoretical elastic tensile stress in the concrete ( elasticσ∆ ), using ‘shrink fit’ approach 
by Hossain and Weiss (2004), which is the sum of the incremented stress using incremental 
shrinkage ( SHε∆ ), the modulus of elasticity of the concrete (Ec) and steel (Es), and the ring 












−=∆ εσ       (5.3) 
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    (5.3b) 
where, C2R is given in eqn. (5.2); Cν  and Sν  are the poisson’s ratio of concrete and steel 
(assuming Cν  and Sν  = 0.20 and 0.30); and RIC, ROC, and RIS, ROS  are the inner and outer 
radius of the concrete and steel ring, respectively.   
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 According to ACI 209 (2003), creep strain is directly proportional to creep coefficient 
(ratio of creep strain to elastic strain).  Relaxation is the gradual reduction of stress with time 
under sustained strain.  Grzybowski and Shah (1990) expressed the relaxation function similar 
to the creep function by an incremental step-by-step procedure.  For simplicity, linear 
viscoelasticity was assumed and relaxation function ( ),( 0ttR ) with modulus of elasticity at the 







ttR φ+=       (5.4) 
The stress due to creep relaxation at time t is expressed as   
σ
 Relaxation (t) = )(),( 0 tttR ε      (5.5) 
In the present study, the strain at a time t ( )(tε ) due to the increased stress upon dying 
of the concrete ring was estimated using the elastic tensile stress in the concrete at a time t 
( )(telasticσ∆ ) for a given geometry and the modulus of elasticity of the concrete at a time t 
( )(tE ). For the estimation of elastic tensile stress ( )(telasticσ∆ ), the experimental free 
shrinkage measurements obtained from the prism specimens, that are of equivalent geometry 
and drying conditions of ring specimens, are substituted in the Equation (5.3). The modulus of 
elasticity values for the corresponding concretes obtained from the experiments at different 









=       (5.5a) 
The stress after creep relaxation is estimated by the difference of total elastic tensile 
stress and the stress due to creep relaxation.   
 σ
 after creep relaxation (t) = σ elastic (t) - σ Relaxation (t)   (5.6) 
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The above equations were used to verify the restrained shrinkage cracking behaviour of 
the LWC with and without aggregates by comparing the theoretical final stress (σ
 after creep relaxation 
(t)) and age of cracking with the actual tensile stress and age of cracking observed from the 
experiments.    
5.3  Results and discussion  
5.3.1 Effect of filler (air or aggregate) volume and filler type/density  
5.3.1.1 Stress development and age of cracking: Experimental study 
 The typical variations of strain in steel ring, interface pressure (eqn. 5.1) and actual 
tensile stress (eqn. 5.2) for the mortar (w/c - 0.40), are given in Fig. 5.5.  It can be observed that 
the strain in steel ring increases with increase in the age of drying, subsequently interface 
pressure due to the increased strain in steel ring, and tensile stress in the concrete ring due to 
the increased interface pressure were increased with increase of drying period.  The abrupt 
change of tensile stress due to the abrupt change of stains in the steel ring caused by cracking of 
concrete ring indicates the actual age of cracking for the given geometry.   
 The effect of air content on the variation of strain in steel ring, actual tensile stress in 
concrete ring and age of cracking for FC obtained from the restrained ring test is shown in Fig. 
5.6.  It can be observed that FC with lower air contents (15 and 30%) exhibited higher strains 
and stresses than compared to higher air contents (45 and 60%).  The age of cracking was 
observed to be at about 1 day for FC with all the air contents.  The clear drop of stress was 
observed in the FC with lower air contents and visible crack clearly appeared after the stress 
dropped.  Whereas, in the case of FC with 45 and 60% air contents, the stress was observed to 
decrease gradually and visible crack also appeared later than FC with low air contents.  The 
decrease of stress without visible crack in FC with high air contents indicate that the concrete 
seems to be yielding internally which may be in the form of micro-cracking.  The combined 
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effect of lower mechanical properties and higher deformation properties might be responsible 
for micro-cracking in these concretes than compared to FC with lower air contents.  The 
shrinkage cracking results indicate that the cracking potential of FC seems to be not affected 
much with the variation of air content because all the concretes exhibited stress drop at about 1 
day of drying.   
 The effect of aggregate (sand and L6-LWA) volume on shrinkage cracking behaviour 
of FC with 30 and 45% air contents are shown in Figs. 5.7 to 5.12, respectively.  It can be 
observed from the Figs. 5.7 and 5.8 that the strain, stress and age of cracking increased 
significantly with increase of sand volume in FC at both the air contents.  Though the effect of 
air content on shrinkage cracking potential of FC was not conclusive from Fig. 5.6, it can be 
observed from Figs. 5.7 to 5.10 that for the same aggregate volume (sand and LWA) the FC 
with 45% air content result in lower strain, stress and age of cracking than compared with 30% 
air content.  For the same aggregate volume and air content, FC with sand exhibited higher 
stresses and significantly lower age of cracking than with LWA.  This could be due to the 
higher modulus of elasticity (Fig. 3.31b) and higher drying shrinkage (Fig. 4.10a) of FC with 
the former than the latter.  The FC with LWA exhibited gradual decrease of stress at both the 
air contents (30% and 45%) similar to FC with higher air contents (45% and 60%).  This 
indicates that if the modulus of elasticity of the concrete is lower (< 10 GPa), gradual decrease 
in stress may be observed in FC with higher air contents and with LWA, than FC with higher 
modulus of elasticity.  This also gives an indication that the initiation of micro-cracking may be 
the reason for the gradual decrease of stress with increase of drying period in low rigidity 
concretes.   
 The effect of aggregate volume (sand and LWA) on age of cracking of FC with 30 and 
45% air contents is shown in Fig. 5.11.  For a given aggregate type and aggregate volume, FC 
with 45% air content cracked earlier than compared with 30% air content and the age of 
cracking was observed to increase with an increase in aggregate volume.  This could be due to 
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the decrease of deformational properties with an increase in aggregate volume.  For the same 
aggregate volume, FC with LWA exhibited significantly higher age of cracking than compared 
with sand.  FC with 30% air content cracked at about 1, 3.6 and 6.7 days with 0, 0.20 and 0.50 
volumes of sand, whereas for the corresponding LWA volumes it cracked at 1, 10 and 58 days 
of drying.  For FC with 45% air content, the ages of cracking for the corresponding volumes are 
1, 2.7 and 3.5 days with sand and 1, 5 and 20 days with LWA.  The significant increase of age 
cracking in FC with LWA may be due to the lower rate and amount of drying shrinkage 
(observed in Chapter 4) and lower modulus of elasticity (observed in Chapter 3) than compared 
with sand.  The extended age of cracking in concrete LWA and increase of the same with 
increase of LWA volume also could be due to the presence of water in the LWA.   
 The effect of aggregate volume on actual tensile stress at cracking in FC with 30 and 
45% air contents is shown in Fig. 5.12.  The stress at cracking was seen to increase with an 
increase in aggregate volume of both the sand and LWA at both the air contents.  However, the 
increase was found to be significant in FC with sand than with LWA.  This may be due to that 
with increase of sand volume in FC, the modulus of elasticity of concrete increases, whereas 
with LWA, it decreases, as was discussed in Chapter 3 (Fig. 3.31b).  In addition, the tensile 
strength of FC with sand itself was higher than compared with LWA (Fig. 3.26b).  Generally, 
the concrete with higher fracture resistance will have less potential risk of cracking.  In this 
study, FC with sand exhibited higher fracture toughness values for a given aggregate and air 
contents, than compared with LWA (Fig. 3.20c).  From the fracture point of view, FC with sand 
should have less potential risk of cracking than compared with LWA.  However, the observed 
results were in reverse.  It could be due to the higher rate and amount of shrinkage and higher 
modulus of elasticity of the FC with the former than the latter.   
 To understand better the effect of shrinkage rate on shrinkage cracking of FC and FCA, 
the shrinkage rate at the age of cracking and the age of cracking was plotted in Fig. 5.13. The 
shrinkage rate of concrete was estimated with greater attention, by measuring slopes of the 
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tangents drawn just before, at and after the age of cracking, on the smooth curve obtained from 
the free shrinkage data and the average shrinkage rate was considered for the analysis.  Lower 
shrinkage rate at the age of cracking was observed in FC with LWA (L6 and Pum.) than with 
sand.  For the same shrinkage rate, the age of cracking was also observed to be significantly 
higher in FC with LWA than with sand.  Interestingly, results show a very good trend between 
the shrinkage rate and age of cracking for the FC and FCA.  It can be noticed that the early 
cracking of FC could be due its very high shrinkage rate (Fig. 4.7a).  The restrained shrinkage 
cracking results of FC and FCA exhibited asymptotic tendency between age of cracking and 
shrinkage rate.  For a given age of cracking, FC shows asymptotic tendency with increase of 
shrinkage rate for values higher than 50 µε /day; and for a given shrinkage rate the asymptotic 
tendency was observed if the age of cracking is higher than 20 days.  This indicates that the use 
of aggregate may be essential to lower the potential risk of shrinkage cracking of FC by 
controlling of shrinkage rates to lower than 50 µε /day.  The above results indicate that the use 
of LWA may be beneficial than sand in FC, from the shrinkage cracking point of view.   
 The restrained shrinkage cracking results (actual tensile stress development in concrete 
ring vs age of drying) of LWAC with different aggregate volumes, aggregate type/density and 
w/c ratio is shown in Figs. 5.14a to 5.14d.  Fig. 5.14a indicates that the rate of stress 
development increases with increase in aggregate volume of up to 0.30, thereafter stress 
development shows decreasing trend with increase in aggregate volume.  Fig. 5.14a also 
indicates that the age of cracking increases with increase in aggregate volume, however, the 
increase was found to be significant in LWAC with higher volumes (0.40 and 0.50) of 
aggregate.  The higher stress developments in low aggregate volumes could be due to the 
higher modulus of elasticity (Table 3.10) and higher shrinkage (Fig. 4.12) of these concretes.  
The effect of aggregate volume on shrinkage cracking results indicates that the potential risk of 
shrinkage cracking was found to be lower with increase of aggregate volume in concrete.  It can 
be observed that the mortar without LWA (av-0) has the highest potential risk of cracking, as it 
cracked at the age of 15 days, whereas with the addition of 0.20 volume of aggregate the risk 
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was lowered by 50% as the later cracked at 30 days.  The LWAC with 0.50 volume of 
aggregate (av-0.50) was not cracked during the 150 days of drying period.  Though the splitting 
tensile strength and fracture toughness (Figs. 3.20 and 3.26) of LWAC decrease with an 
increase in aggregate volume, the considerable extended age of cracking could be due to the 
lower rate and amounts of shrinkage and creep (Fig. 4.12 and 4.28) and lower modulus of 
elasticity (Table 3.10); these might induce lower stresses on restrained shrinkage cracking 
specimen resulting in prolonged age of cracking.   
For the same aggregate volume and equivalent mix proportions but except the 
aggregate type/density, the shrinkage cracking behaviour of different concrete in Figs. 5.14b 
and 5.14c indicates that NWC shows higher stress development followed by concretes with 
expanded clay aggregates and pumice. This could be due to the difference of their elastic 
properties.  Concretes with 0.20 volumes of L6, L9 and Pum aggregate exhibited (Fig. 5.14b) 
cracking at 20, 30 and 78 days of drying, respectively, whereas the NWC cracked at 42 days.  
This indicates that LWA with lower density aggregate (L6) seems to have higher potential risk 
of shrinkage cracking than compared with higher density aggregate (L9) and NWC.  Though 
the density of pumice aggregate is lower than the other LWAs (L9 and L6), due to its higher 
porosity and absorption capacity (~70%) LWAC with pumice aggregate exhibited significantly 
lower amount and rate of shrinkage up to 90 days of drying (discussed in Chapter 4) that might 
result in lower stress developments and prolonged age of cracking compared with other 
aggregates.   
Fig. 5.14c also confirms that the potential risk of shrinkage cracking was higher for the 
concretes containing lower density of aggregates.  At 0.40 aggregate volume, the concrete with 
NWA (2.65) did not crack, whereas, LWAC with particle densities ranging from 0.9 (L5) to 1.4 
(L9) cracked at about 46 to 91 days of drying, respectively.  The LWAC with pumice aggregate 
also cracked later than the age of cracking observed with some of the expanded clay aggregates 
similar to the observation with 0.20 volume of pumice aggregate (Fig. 5.14b).  Though the age 
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of cracking was higher in LWAC with pumice aggregate, the stress level at which it cracked 
was considerably lower than compared with other aggregate.  The higher potential risk of 
shrinkage cracking in LWAC compared to NWC may be due to the lower fracture resistance of 
former than the later due to the limiting strength of LWA.  It was observed in Chapter 3 that 
fracture toughness values (Fig. 3.20) of LWAC with L9 to pumice aggregates were 42 to 76% 
lower than that of NWC.  Though the modulus of elasticity (Table 3.10) of LWAC was lower 
than the NWC, the higher deformational properties (Figs. 4.14 and 4.30) and lower tensile 
strength of the former might have affected the cracking potential resulting in early cracking 
than the latter.  From the above, it can be deduced that for equivalent mix proportions, the 
potential risk of shrinkage cracking was lower in NWC than LWAC.   
The effect of w/c ratio on shrinkage cracking of LWAC shown in Fig. 5.14d indicates 
that LWAC with high w/c ratio (0.56) have higher potential risk of shrinkage cracking than 
compared to the concrete with low w/c ratio (0.30).  The former cracked at about 47 days of 
drying; however, the latter cracked at 148 days.  The LWAC with 0.40 w/c ratio cracked at 
about 91 days of drying.  The reason for higher risk of cracking in LWAC with high w/c ratio 
may be due to that though the modulus of elasticity was lower, the combined effect of lower 
tensile strength, higher free shrinkage and higher creep coefficient resulted in early cracking.  
In contrast to this, lower risk of cracking was reported for NWC by Shah et al. (1998) and 
LWAC by Gesoglu et al. (2004) with high w/c ratios, at the early age.  However, the reason for 
lower risk in both these studies could be due to the significantly lower shrinkage values of the 
concrete with high w/c ratio at the early age.  It should be noted that in low w/c ratio concretes, 
autogenous shrinkage strains are more predominant in NWC at early ages, therefore, due to the 
combined effect of lack of curing and the higher autogenous shrinkage effects in these studies 
might have resulted in early cracking in concretes with low w/c ratio than with high w/c ratio.  
Whereas, in the present study, all the concretes were moist cured for 7 days and autogenous 
shrinkage of LWAC was also not significant (Fig. 4.5-discussed in Chapter 4) even in low w/c 
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ratio (0.30) due to the presence of saturated LWA.  The effect w/c ratio on shrinkage cracking 
was verified in the following theoretical analysis (§ 5.3.1.2).   
To understand shrinkage cracking behaviour of LWAC better, the results of age of 
cracking, stress in concrete at cracking and shrinkage rate at cracking was plotted against the 
aggregate volume for different aggregate type/density in Fig. 5.15.  For different aggregate 
type/density, Fig. 5.15a indicates that the age of cracking increases generally with increase in 
aggregate volume for all the aggregates except for the pumice.  In the case of pumice concrete 
the age of cracking was observed to increase up to 0.20 volumes of aggregate and with further 
increase of aggregate volume a decrease in trend resulted.  It can also be noticed that age of 
cracking was found to be higher with increase of aggregate density (from L5 to NWA).  The 
result of stress at cracking in Fig. 5.15b indicates that the stress at cracking seems to increase 
with increase in aggregate volume with higher density aggregates (L9 and NWA), however, 
with lower density aggregate the stress at cracking decreases with increase in aggregate 
volume.  Generally stress at cracking varies with the tensile strength of concrete; if the tensile 
strength is higher it can be expected that the stress at cracking will be higher.  Therefore, the 
results obtained were consistent with the general trend.  Furthermore, the effect of aggregate 
volume on shrinkage rate at cracking shown in Fig. 5.15c indicates that rate of shrinkage 
decreases with an increase in aggregate volume.  Data from the different LWAC shows good 
relationship between the shrinkage rate at cracking and the aggregate volume.  It can be 
deduced that the extended age of cracking observed in Fig. 5.15a with increase of aggregate 
volume could be due to the decrease in rate of shrinkage (Fig. 5.15c).  Though the shrinkage 
cracking behaviour of concrete is generally influenced by the modulus of elasticity, tensile 
strength, shrinkage and creep of concrete, the strong relationship between shrinkage rate and 
aggregate volume from the Fig. 5.15c, indicates that the rate of shrinkage seems to be more 
predominant in influencing the age of cracking than the other parameters.   
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The extended periods of moist curing will usually reduce the amount and rate of 
shrinkage, therefore for a given concrete it can be perceived that extended period of curing was 
significant to mitigate shrinkage.  Nilsen and Aitcin (1992) also reported 30 to 50% less drying 
shrinkage at 56 days of drying for LWAC with expanded shale aggregate after 28-day of 
curing, compared to NWC.  To understand better the effect of shrinkage rate on shrinkage 
cracking, the shrinkage rate at the age of cracking was plotted against the age of cracking in 
Fig. 5.16.  Interestingly, it shows a very good relationship between shrinkage rate and age of 
cracking for the different concrete tested for restrained shrinkage cracking.  Except for NWC 
and PumC with 0.20 volumes of aggregate, all other LWAC made with different type/density, 
volume of aggregates and w/c ratio showed very good power fit relationship between the 
shrinkage rate at cracking and the age of cracking.  It was also found that for shrinkage rates 
higher than 4 µε /day, the variation of age cracking was observed to be not significant.  In other 
words, the variation of age of cracking was very little if the rate of shrinkage is higher.  For 
given age of cracking and shrinkage rate, the trend seems to be asymptotic if the shrinkage rate 
and age of cracking are higher.  For higher values of shrinkage rate, asymptotic tendency was 
clearly observed in the case of FC with and without aggregates earlier (Fig. 5.12).   
 From the correlation between age of cracking (Tcrack) and shrinkage rate (Srate), tensile 
strain (εtesile_crack) at cracking can be estimated as εtesile_crack = Tcrack*Srate.  The corresponding best 
fit (R = 0.982) line passing through most of the data points is also included in the Fig. 5.16.  
The strong relationship indicates that tensile strain at cracking seems to be independent of the 
age of cracking.  From the restrained shrinkage cracking study, the average tensile strain at 
cracking for LWAC made with different aggregate density and volumes was found to be about 
213 µε, which is double the tensile strain capacity of NWC (100 µε). The tensile strain at 
cracking for NWC in this study is very close to the value (100 to 120 µε) reported at failure 
load based on the direct tension test by Wee et al. (2000).  They also reported that the tensile 
strain is an independent parameter which is not affected by the mix propositions, curing age 
and compressive strength of concrete.  The higher tensile strain capacity of LWAC compared to 
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NWC could be due to the significant difference (> 60%, discussed in Chapter 3) in their 
aggregate modulus of elasticity.  In this study, it was found that the tensile strain at cracking of 
NWC is lower than LWAC.  However, this does not necessarily means that the lower the value 
of tensile strain at cracking the higher is the potential of cracking.  Because for a given drying 
condition (environmental loading), different tensile stresses can develop in different materials 
depending upon the material properties (i.e., modulus of elasticity, shrinkage rate, creep etc.).  
This can be verified from the Figs. 5.14 (b) and (c) where for the same mix proportions except 
for the change of aggregate type (NWA and LWA), NWC exhibited higher shrinkage cracking 
resistance than LWAC.     
To understand the combined behaviour of FC, FCA and LWAC, the shrinkage rate at 
cracking and age of cracking for all LWCs is plotted as shown in Fig. 5.17.  It can be noticed 
that for comparable age of cracking, shrinkage rates of FC and FCA were found to be 
significantly higher than that of LWAC.  Therefore, it can be deduced that the potential risk of 
shrinkage cracking of FC and FCA was found to be higher than LWAC.  Moreover, for FC 
and FCA the tensile strain at cracking was found to be very scattered (ranging from 120 
to 700 µε).  However large volume of data may be needed to make a specific 
conclusion on tensile strain at cracking of FC and FCA.     
Figs. 5.16 and 5.17 indicates that the resistance to cracking can be significantly 
improved by slowing down the rate at which drying occurs.  The slower rate of shrinkage 
permits the specimen a longer period to relax the stresses as they develop (i.e., lower effective 
elastic modulus) thereby further reducing susceptibility of the material to cracking (Weiss et al. 
1999). From the above discussions, it can be understood that rate of shrinkage is the essential 
parameter which affects the shrinkage cracking behaviour of concrete significantly. Therefore, 
it is important to control the same by selecting proper mixtures in the real applications in order 
to control the potential risk of shrinkage cracking and subsequent durability related problems.    
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5.3.1.2  Stress development and age of cracking: Theoretical study 
 The schematic diagram of influence of strength, shrinkage and creep on shrinkage 
cracking of concrete based on the tensile strength criterion was shown in Fig. 5.18.  It can be 
observed that the potential age cracking is influenced by many properties.  Therefore, for 
evaluation of shrinkage cracking, mechanical properties such as tensile strength and modulus of 
elasticity and deformational properties such as free shrinkage strains and creep coefficient data 
were considered in addition to the geometry of the restrained ring specimen.   
The variation of splitting tensile strength and modulus of elasticity with age were 
evaluated for different concretes using the 7, 14, 28 and 90 day data, and found that these 
results show logarithmic fit with age.   
21 )ln( KTKY +=      (5.8) 
where Y = splitting tensile strength or modulus of elasticity; T = age of concrete in 
days; K1 and K2 are constants for splitting tensile strength or modulus of elasticity.  The 
equation (5.8) was used to extrapolate splitting tensile strength and modulus of elasticity values 
for higher ages in this analysis.   
Generally, if creep relaxation is not considered in the restrained shrinkage cracking 
analysis, the predicted age of cracking can be expected at point ‘A’ (Fig. 5.18).  However, in 
practice when structure or a specimen is subjected to restrained shrinkage, tensile stresses are 
produced.  Since shrinkage strains are applied over a period of time, the resultant tensile 
stresses are also applied over a period of time.  These time dependant stresses will cause creep 
in concrete.  That is, stresses imposed owing to restraint will show a time dependant relaxation 
(Gryzbowski and Shah 1989) and the consideration of creep relaxation resulting in the age of 
cracking at ‘B’.  It should be note that shrinkage and creep stresses are similar in the order of 
magnitude, as a result, ignoring creep effect would introduce significant errors in the stress 
estimation (Weiss et al. 1998).   
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 In this analysis, it was assumed that the predicted (theoretical) age of concrete cracking 
from the tensile strength criterion is the age (time) at which the stress after creep relaxation 
curve of the concrete intersects its tensile strength (i.e. at point ‘B’).  The theoretical 
parameters, such as elastic tensile stress, stress after creep relaxation and age of cracking, were 
estimated with the equations (5.3) to (5.7) using the time dependent measured free shrinkage, 
creep coefficient, modulus of elasticity and splitting tensile strength results.  The actual tensile 
stress in concrete ring specimen at any time t (σActual (t)), for different concretes was calculated 
using the measured strain in the steel ring at a time t and modulus of elasticity of the steel (ES) 
with the equation (5.1).   
The theoretical and experimental restrained shrinkage cracking results of FC, FCA and 
LWAC with different aggregate volume, aggregate type/density and w/c ratio are shown in 
Figs. 5.19 to 5.22.  From these figures, it can be observed that the influence of creep on 
restrained shrinkage stresses seems to be significant.  The stress after creep relaxation estimated 
from the equation (5.6) was found to be in most of the cases very close to the experimentally 
observed stress in the concrete ring (equation 5.1).  Fig. 5.19 shows the effect of LWA volume 
(0 to 0.50) on restrained shrinkage cracking of FC with 30% air content.  It can be observed 
that, even though the splitting tensile strength of FC (FCA30-0) was higher than the FC with 
LWA, the age of cracking observed in the later was higher than the former.  The results of 
theoretical restrained shrinkage cracking analysis were also consistent with the experimental 
observations, in the case of FCA.  The theoretical analysis also indicates the decreased stress 
levels (obtained from the combined effect of rate and amount of shrinkage, creep coefficient, 
modulus of elasticity and geometry) with increase in aggregate volume; this might be the 
reason for the extended age of cracking.  From both the experimental and theoretical analysis, it 
can be deduced that the potential risk of cracking can be lower with the use of LWA in FC.  
Similar kind of comparisons was also observed for the FC with different volumes of sand; these 
were discussed little later.   
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The theoretical and experimental restrained shrinkage cracking results of LWAC with 
different volumes (0 to 0.50) of L9 aggregate in Fig. 5.20 indicate that the potential risk of 
shrinkage cracking can be lowered or mitigated with the use of higher volumes of LWA.  
LWAC with 0.50 volume of L9 aggregate (av-0.50) did not crack thus far, which was 
consistent with the theoretical analysis, even though the tensile strength and fracture toughness 
of this concrete was lower than the other concretes with lower volumes of aggregate (< 0.50).  
This may be attributed to the significant decrease in resultant tensile stresses levels (stress after 
creep relaxation) from about 10 to 3 MPa for the corresponding increase of 0 to 0.50 volumes 
of aggregate at 150 days of drying, for a given geometry.   
The theoretical and experimental results of LWAC with different type/density of 
aggregates (NWA to Pum.: 2.65 to 0.64) in Fig. 5.21 indicate that for equivalent mixture 
proportions, though the stress after creep relaxation is not much different among the LWAC 
with L9 to L5 aggregate due to the difference of their modulus of elasticity, shrinkage and 
creep properties, the limitation of the splitting tensile strength of concrete with low density 
aggregates than high density aggregates might have resulted in early cracking due to the 
decrease of this property with decrease in aggregate density (or increase of porosity).  The 
stress development in concrete ring, calculated from the strains in steel ring, was observed to be 
very close with the stress after creep relaxation obtained from the theoretical analysis.  The 
NWC did not crack yet which was consistent with the theoretical analysis.  For equivalent 
mixture proportions, the higher tensile strength and higher fracture resistance of concrete with 
NWA than the LWA may be the reason for lower potential risk of shrinkage cracking in the 
concrete with former than the latter.  Similar to the experimental study, LWAC with pumice 
aggregate exhibited prolonged age of cracking compared to L5 and L6 aggregates, although the 
aggregates density of the former was lower than the later.  This was due to the significant lower 
rate of shrinkage in concrete with pumice aggregate at early age of drying, which was observed 
in Chapter 4, due to the presence of higher volumes of water in pumice aggregates.   
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The theoretical and experimental results of LWAC with different w/c ratio (0.30 to 
0.56) in Fig. 5.22 indicate that the potential risk of shrinkage cracking can be controlled 
considerably with decrease in w/c ratio.  It can be observed that higher stresses after creep 
relaxation and lower splitting tensile strengths could be the reason for early cracking in 
concrete with high w/c ratio (0.56) than with low w/c ratio (0.30).  Though higher risk of 
potential shrinkage cracking was reported for NWC by Shah et al. (1998) and LWAC by 
Gesoglu et al. (2004) with low w/c ratios at early age, the theoretical stress (i.e., stress after 
creep relaxation), estimated from the rate and amount of shrinkage, creep coefficient and 
modulus of elasticity shows lower rate and amount of stress with decrease in w/c ratio for a 
given period of drying, similar to the trend observed from the experimental study (Fig. 5.16d).   
The age of cracking and stress at cracking observed from the theoretical and 
experimental analysis were plotted against the aggregate volume, aggregate type/density and 
w/c ratio for comparison of both the analysis, as shown in Figs. 5.23 to 5.28.  Fig. 5.23a shows 
that the age of cracking increases with increase in LWA volume in FC with 30 and 45% air 
contents.  However, the significant extended age of cracking was observed in FC with 30% air 
content and 0.50 volume of aggregate.  The trend observed from the theoretical analysis was 
consistent with the experimental study.  It can also be noticed that the predicted age of cracking 
was higher than the observed age cracking at all the aggregate volumes.  This indicates that the 
tensile strength criterion adopted in this study seems to be over estimating the age of cracking.  
Fig. 5.23b shows that the stress at cracking was observed to increase with increase of aggregate 
volume.  However the trend shows lower rate of increase for the FC with higher volumes of 
LWA (0.50) in both experimental and theoretical analysis.  It can also be noted that stress after 
creep relaxation at the actual age of cracking was observed to be lower than the stress at 
cracking observed from the experiments.  It is a fact that the actual age of cracking in concrete 
ring specimen observed was little earlier than the predicted age of cracking, therefore the stress 
after creep relaxation at the former can be expected to be lower than the actual stress at 
cracking.  The age of cracking and stress at cracking observed for the FC with sand in Fig. 5.24 
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shows similar observations discussed for the FC with LWA.  However the variation of age of 
cracking and stress at cracking observed between the experimental and theoretical analysis 
seems to be higher than the formed concrete with LWA.   
The trends of age of cracking and stress at cracking for the LWAC with L9 aggregate 
in Fig. 5.26 indicate that both the parameters increases with increase in aggregate volume, in 
both experimental and theoretical analysis.  Moreover, similar to the effect of aggregate volume 
in FC on age of cracking (Fig. 5.24), the predicted age of cracking was also found to be higher 
than the actual age of cracking from the ring test.  For a given quality of mortar and type of 
LWA, the stress at cracking (Fig. 5.26b) was observed to be increasing with increase in 
aggregate volume, even though the splitting tensile strengths and fracture toughness values 
were decreased (discussed in Chapter 3).  The slightly high stresses at the age cracking could be 
due to the significantly prolonged age at cracking; it can be noticed that the concrete without 
aggregate (av-0) cracked at 15 days, whereas, with 0.40 aggregate volume it cracked at 91 days.  
Moreover, even though the tensile strengths and fracture resistances are better with lower 
aggregate volume, due to the higher rate of shrinkage and creep, and higher modulus of 
elasticity inducing higher stresses on concrete ring resulted in early cracking at lower stress 
level than compared with higher aggregate volume.  Even in LWAC also, the lower predicted 
stress after creep relaxation could be due to the early actual cracking of concrete than the 
predicted age of cracking.   
For equivalent mixture proportions, the trends of age of cracking and stress at cracking 
for the LWAC with different density/type of aggregate observed from the experiments are 
inline with the theoretical analysis (Fig. 5.27).  Similar to the effect of aggregate volume in FC 
and LWAC, the predicted age of cracking for the aggregate density was also found to be higher 
for concretes with some LWA, than the actual age of cracking from the experimental study.  
The stresses at the age of cracking (Fig. 5.27b) observed from experimental and theoretical 
analysis were consistently decreasing with decrease in aggregate density.  However, this 
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decrease was less significant among the LWAC with expanded clay aggregates (L9-L5), 
compared with pumice aggregate.  The less decrease of stresses among the LWAC with 
expanded clay aggregates may be due to the less variation of mechanical properties (Figs. 3.26 
and 3.31 discussed in Chapter 3) and deformational properties (Figs. 4.14 and 4.30 discussed in 
Chapter 4) compared with pumice aggregate.  The trends of age of cracking and stress at 
cracking for the LWAC with different w/c ratios observed from the experiments were inline 
with the theoretical analysis (Fig. 5.28).  For different w/c ratios, the stress at which the 
cracking occurs was observed to be decreasing with increase in w/c ratio, and the trend 
observed from the theoretical analysis (Fig. 5.28b) was also consistent with the experimental 
study.   
From the Figs. 5.23 to 5.28 it can be observed that the predicted age of cracking and 
stress after creep relaxation at cracking observed from the theoretical analysis were consistently 
higher and lower than the actual age of cracking and actual stress at cracking observed from the 
experiments, respectively.  To understand better, the experimental age of cracking was plotted 
against the predicted age of cracking for all the parameters and concretes in Fig. 5.29.   
It can be noticed that the actual age of cracking observed from the experiments are 
found to be about 25% lower than the predicted values estimated from the tensile strength 
criteria for the FC with LWA and LWAC.  These values are even higher for the FC and FC 
with sand.  The early shrinkage cracking of all concretes could be due to the higher measured 
drying shrinkage strains at the surface for the prism specimens than the theoretical potential 
shrinkage strain at the surface (discussed in Chapter 4).   
The over predictions of age cracking from the tensile strength criteria could also be due 
to that the splitting tensile strength was used as tensile strength of concrete but generally the 
value of former is 5 to 12% higher than the latter.  The uniform drying from the top and bottom 
of the concrete ring was assumed.  However, the stress along the depth of concrete may not be 
uniform due to the higher rate of drying at top and bottom surface of the concrete ring than the 
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inner part of concrete (Fig. 5.30) that may result in higher stresses at the top and bottom than 
the inner part.  These higher stresses at top and bottom may initiate the crack slightly earlier 
than expected resulting in lower actual age of cracking than predicted.  Moreover, for 
estimation of creep relaxation stress, linear viscoelasticity was assumed for estimating the 
relaxation function.  This may not give the relaxation behaviour accurately.  The restrained 
shrinkage cracking results for the ring specimen based on tensile strength criteria reported by 
Yang et al. (1996) for NWC is also included in the Fig. 5.29.  It can be observed that the results 
of age of cracking from the present study are inline with Yang et al. results.   
Furthermore, the comparison of actual tensile stress at cracking and the predicted stress 
(stress after creep relaxation) at the age of cracking (Fig. 5.31) indicates lower predicted stress 
for most of the concrete.  The reason for lower stresses could be due to the occurrence of early 
actual age of cracking than the predicted age of cracking.  LWAC concrete exhibited deviation 
lower than or equal to 25%, whereas FC and FCA showed even higher deviation similar to the 
comparison of experimental and predicted age of cracking.   
The comparison of actual tensile stress developed due to the restraint with the tensile 
strength of concrete provides useful information about cracking potential (i.e., the measure of 
how close the specimen may be to failure) of concrete. The ability to determine the potential for 
cracking may be especially important in the cases where cracking is not observed 
experimentally.  If the stress developed in the concrete due to restraint is closer to the tensile 
strength of the concrete, the closer the specimen would be to failure.  Therefore, to understand 
the stress level at which cracking occur for the adopted geometry in this study, the correlation 
between the actual tensile stress in concrete ring at cracking was plotted against the splitting 
tensile strength of the corresponding concrete, as shown in Fig. 5.32.  It can be observed that 
most of the concretes (except FC) cracked just before reaching the splitting tensile strength 
value of the concrete.  In the present study, the LWAC (except the mortar, i.e., av-0) cracked at 
tensile stress-strength ratios in the range of 0.78 to 0.99 and the average value observed was 
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about 0.92.  The FCA also exhibited a range of 0.60 to 0.97 with an average value of 0.88.  
These values were consistent with the earlier reported values (about 0.90) for the same 
geometry of ring specimen (Hossain and Weiss 2004).  FC failed at an average value of 0.30.  
For NWC, the stress-strength ratio reported was about 0.35 to 0.51 for restrained ring 
specimens by See et al. (2003) and 0.5 for restrained bar specimens by Igarashi et al. (1999).  
For the same concrete type and concrete ring dimensions, the ratio of about 0.90 and 0.75 was 
reported earlier with 9.5 and 19 mm steel ring thicknesses, respectively by Hossain and Weiss 
(2004).  The results of stress-strength ratios indicate that for the same concrete this value may 
be different if the degree of restraint is different.   
5.3.2  Effect of fibers  
 The effect of polypropylene fiber of different percent on restrained shrinkage cracking 
of FC with 30% air content is shown in Fig. 5.33.  It can be seen that the addition of fibers can 
increase the actual stress in concrete ring specimen.  The stress at cracking was also observed to 
increase with increase in fiber percent.  The variation of stress development with age of drying 
up to 15 days is plotted separately in Fig. 5.33b.  The rate of stress development in FC with 
different fiber percent seems to be similar at early age of drying.  FC without fiber cracked at 
about 1 day of drying.  Even FC with 0.2 and 0.5% fibers also exhibited less variation of stress, 
which may be caused by micro-cracking, followed by drop of stress just after the 1 day drying.  
The actual stress in the plain FC (i.e., 0% fiber) was found to be reduced to almost zero after 
the visible crack developed.  The magnitude of the drop in stress (after the first crack is 
observed) was found to decrease with an increase in fiber percent.  Furthermore, the value of 
stress in concrete ring after first crack increase with an increase in fiber percent suggesting that 
fibers enable the transfer of stresses that develop due to restraint across the crack and as a result 
the crack can’t open fully to relieve the stress in the specimen.  These observations were 
consistent with the earlier study on the shrinkage cracking behaviour of fiber (steel) reinforced 
mortars tested using the same geometry of the ring specimens (Shah et al. 2004).  The 
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difference of stress after cracking between the FC with and without fibers (Fig. 5.33a) 
highlights the amount of work done by the fibers in delaying the age of visible cracking by 
bridging the micro-cracks developed inside the specimen.  It should be noted that multiple 
cracking was observed (Table 5.1) in the restrained shrinkage cracking specimens with a higher 
fiber percent and as a result, multiple reductions in stress were observed (Fig. 5.33a).  The 
details of number of cracks and the total crack widths measured after cracking is given in Table 
5.1 and the performance of fiber in controlling the crack widths are discussed little later.   
 The effect of fiber type (polypropylene, glass and steel fibers) and fiber percent on 
stress development in concrete ring and age of cracking of LWAC is shown in Fig. 5.34.  The 
stress drop after cracking in LWAC decreases with an increase in fiber percent, similar to FC 
with fibers.  However, the drop of stress was observed to be more significant in the former than 
the latter.  This may be due to the inability of the fibers to distribute within a closely spaced 
aggregate in LWAC than the FC.  It was observed by Betterman et al. (1995) from microscopic 
investigations that due to presence of bigger aggregate, the dispersion of fibers was found to be 
not uniform and to overcome this use of smaller sized aggregate was suggested.  Since fiber 
reinforced FC (paste + air-voids) did not contain aggregate in this study, this might have 
provided the ability for the fibers to distribute uniformly without the interference of aggregate 
in FC.   
At 0.5% fiber, different type of fibers exhibited similar rate of stress development, 
stress at cracking and age of cracking (Fig. 5.34b).  For the same fiber percent (0.5%), the 
shrinkage cracking behaviour was also reported to be similar for the NWC with polypropylene 
and cellulose fibers (Sarigaphuti et al. 1993).  In LWAC only one visible crack was observed 
with all the fiber types and fiber percents, though multiple drops of stress were observed in 
concrete with steel fiber (Fig. 5.34a).  This indicates that the micro-cracks were forming inside 
the specimen but due to crack bridging effect of the fibers, might be prohibited crack, from 
widening.  This kind of micro-cracks were also observed in restrained shrinkage cracking of 
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fiber reinforced mortars by Shah et al. (2004) and these were identified through acoustic 
emission measurements, where a continual increase in acoustic energy was reported 
corresponding to continuous micro-cracking damage occurring in the specimen.  It was also 
reported that after cracking, the uncracked portion of the concrete will continue to shrink and 
cracks will widen.  In the case of reinforced concrete, the widening of a crack is prevented due 
to the fiber bridging at the crack surface.  The tensile stress will transfer through the uncracked 
matrix by shear deformation at the fiber-matrix interface.  If these developments of stresses 
exceed the tensile strength, then another crack may form.  The ability of the reinforcement to 
control shrinkage cracking may depend on its distribution, as well as on its properties such as 
strength, length, aspect ratio, density, and fiber-matrix bond (Sarigaphuti et al. 1993).   
To understand the effectiveness of fiber volume and type on mitigating shrinkage 
cracking, the normalized age of cracking was plotted against the fiber volume as shown in Fig. 
5.35.  The results reported for polypropylene and steel fibers in NWC by Grzybowski and Shah 
(1990) are also included in Fig. 5.35.  In all the concretes, the wide range of age of cracking 
was noticed (1 to 8 days in FC, 25 to 75 days in LWAC and 6 to 20 days in NWC) and 
therefore the results were normalized with age of cracking of the reference (plain) concrete.  It 
can be seen that as the fiber percent increases an increase in the age of cracking occurs.  This 
observation was consistent with all type of fibers and concretes.  This may be attributed to the 
ability of the fibers to arrest small cracks as they develop thereby arresting cracks and delaying 
unstable cracking.  In LWAC and NWC the increase of age cracking was found to be 
significant for up to 0.5% fiber (with both polypropylene and steel fibers), thereafter the rate of 
increase was not significant.  Whereas in FC, the increase was significant even for up to 2.0% 
polypropylene fiber.  This could be due to the ability of the fiber to disperse uniformly in FC 
than the LWAC and NWC.  The increase of age of cracking with increase of fiber percent have 
also been reported by Kim and Weiss (2003) in steel fiber reinforced cement mortars.   
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In most of the studies on shrinkage cracking of concrete (Grzybowski and Shah 1990; 
Sarigaphuti et al. 1993; Banthia and Yan 2000; Shah et al. 2004), the observed crack width for 
a given fiber type and fiber percent was used as the parameter to describe the effectiveness of 
fiber in controlling cracking.  Therefore, the normalized crack widths measured in the FC and 
LWAC, and reported data for the NWC with fibers (Grzybowski and Shah 1990) were plotted 
against the fiber percent, as shown in Fig. 5.36.  In the present study, the average crack width 
that was measured using the microscope at three locations, indicated in Fig.5.3, was considered 
and the same was shown in Fig. 5.36.  During the measurements a slightly higher crack widths 
was noticed at the location 3 than the location 1, as given in Table 5.1.  It can be seen that the 
addition of fibers reduces the width of crack substantially.  The trend of crack widths of FC and 
LWAC with fibers percent was found to be well aligned with the trend reported for NWC by 
Grzybowski and Shah (1990).  At 0.5% fiber in different concretes, steel fibers in LWAC and 
NWC exhibited lower crack widths (75 to 82%) followed by polypropylene fibers in NWC, 
LWAC and FC (43 to 75%), compared to the corresponding plain concretes.  The LWAC with 
glass fiber exhibited higher crack width than the polypropylene and steel fibers.  This may be 
due to the brittle failure of the glass fibers after the initiation of crack which was observed in 
the toughness tests in Chapter 3.  Among all the fibers, steel fibers were found to be more 
effective in reducing crack widths.   
At 0.5% polypropylene fiber, FC, LWAC and NWC exhibited 43, 60 and 75% lower 
crack widths than the plain concretes, respectively.  The higher crack widths in FC may be due 
to the higher shrinkage rate of FC than the LWAC and NWC.  As the fiber percent is increased 
the width of crack is further reduced but at a diminishing rate.  From the above it can be 
deduced that the potential risk of shrinkage cracking of LWC can be lowered with the use of 
fibers by extending the age of cracking and controlling the crack widths substantially.  Addition 
of fibers in higher percent and stronger fibers were found to be more effective in controlling the 
shrinkage cracking, similar to NWC.  Although fibers have less effect on deformational 
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properties compared with filler volume and type/density, the increased toughness of LWC with 
fibers reduces the potential risk of cracking and crack propagation in the concrete.   
5.3.3  Effect of mineral admixtures  
 The effect of mineral admixtures on restrained shrinkage cracking behaviour of LWAC 
is shown in Fig. 5.38.  It can be seen that the partial replacement of OPC with mineral 
admixtures shows lower stress developments and lower stresses after creep relaxation.  The 
LWAC containing only OPC cracked at about 90 days of drying (Fig. 5.37a) and the 
replacement of 10% of OPC with silica fume extended the age of cracking by about 32%, as the 
latter cracked at about 120 days (Fig.5.37b).  The OPC replaced with 50% GGBFS and 40% 
GGBFS+10% silica fume did not exhibit any indication of cracking up to 150 days of drying.  
This significant improvement with mineral admixtures may be due to the considerable decrease 
of amount and rate of deformational properties such as shrinkage and creep observed in these 
concretes (discussed in Chapter 4, Figs 4.19 and 4.32b) compared to mechanical properties 
(Table 3.10).  This beneficial effect can be attributed to the pozzolanic reactions of mineral 
admixtures where these refine the pore structures and densify the cementitious paste.  The 
results of microstructure studies on mortars with and without mineral admixtures reflected the 
same earlier in Fig. 4.20 (Chapter 4).   
In the present study, LWAC containing GGBFS exhibited lower stresses (Figs. 5.37c 
and 5.37d) due to the lower strain in the steel ring, compared to the concrete containing 
OPC+SF and OPC only.  The results observed in this study were consistent with the very recent 
study by Mokarem et al. (2005) on the restrained shrinkage cracking behaviour of NWC 
containing supplementary cementitious materials (mineral admixtures) such as fly ash, 
microsilica and GGBFS.  They measured the strains in the steel rings and found that the 
GGBFS concretes had less strain than the concretes with microsilica and fly ash.  They reported 
no cracking in the concretes with supplementary cementitious materials.  Moreover, the recent 
study on drying shrinkage of LWAC (Zhang et al. 2005) also justifies observations of the 
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present study where they reported that the risk of drying shrinkage cracking may be reduced 
due to the incorporation of silica fume in concrete as it reduced the shrinkage substantially, 
though it did not have significant effect on the tensile strength and modulus of elasticity.   
The theoretical restrained shrinkage cracking analysis, by considering the modulus of 
elasticity and tensile strength, shrinkage and creep coefficient parameters, on the effect of 
mineral admixtures (Fig. 5.36) also indicates that the potential risk of shrinkage cracking was 
lower for the concrete if mineral admixtures are present, compared to only OPC in concrete 
consistent with the experimental observation.  The lower rate and amount of stress in LWAC 
containing GGBFS observed in the experimental study were also inline with the calculated 
stress after creep relaxation through theoretical analysis.  It can be deduced that the use of 
mineral admixtures in concrete as partial replacement to cement can control or mitigate the 
potential risk of shrinkage cracking in concrete.  From this study and the recent reports of 
Mokarem et al. (2005) and Zhang et al. (2005), it can be concluded that the use of mineral 
admixtures were found to be effective in lowering the potential risk of shrinkage cracking in 
both NWC and LWCs.   
5.3.4  Effect of curing age and soaking condition of aggregate 
The effect of curing age on shrinkage cracking of LWAC is shown in Figs. 5.38a and 
5.38b.  This parameter was studied on the concretes with 0.30 and 0.56 w/c ratios containing 1-
hr soaking condition of LWA.  For a given aggregate condition and w/c ratio, rate of stress 
development decreases with an increase in the curing age.  However, this was found to be more 
significant in the concrete with low w/c ratio (0.30) than with high w/c ratio (0.56).  The 
concrete cured for 1-day shows high rate of stress development in both the w/c ratios, which 
may be due to the higher shrinkage rate caused by lack of curing than the other influencing 
parameters.  The concrete cured for 7 and 28-day exhibited considerably lower rate of stress 
than the concrete cured for 1-day.  Beyond 7-day curing, the rate of stress development was 
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found to be significant only in the concrete with 0.30 w/c ratio.  The increase of stress at 
cracking was also found to be better with increase of curing age in the low w/c ratio concrete.   
Moreover, the age of cracking was found to generally increase with increase in the age 
of curing.  Significant improvement in age of cracking was observed from 1- to 7-day curing in 
concretes with both the w/c ratio.  The corresponding ages of cracking were 32 to 69 days and 
21 to 46 days in the concrete with 0.30 and 0.56 w/c ratios, respectively.  However, with the 
increase of curing of periods from 7- to 28-day, the increase in age of cracking was found to be 
significant only in the concrete with low w/c ratio (69 to 133 days with 0.30 w/c ratio and 46 to 
51 days with 0.56 w/c ratio).  It can be noticed that the effect of curing on shrinkage cracking 
behaviour of LWAC was found to be different for different w/c ratio.   
The much beneficial effect of increased age of curing in low w/c ratio could be due to 
that the paste with low w/c ratio has lower initial porosity, requiring a reduced degree of 
hydration to achieve a given degree of pore-filling.  While a high w/c ratio may provide 
sufficient water to promote degree of hydration, the net result would be a low degree of pore-
filling due to high initial paste porosity.  Therefore, to achieve high degree of hydration in the 
case of low w/c ratio concrete, extended curing periods were suggested (ACI 308, 2001).  Since 
curing directly affects the degree of hydration of cement, it has an impact on the development 
of all the concrete properties.  The results also indicate that the potential risk of shrinkage 
cracking was higher with lower curing period (i.e., age of curing).  To avoid early potential risk 
of cracking minimum curing may be essential.  Based on the present study, at least 7-day 
curing can be suggested to extend the age cracking by more than 100% compared to the 
concrete with 1-day curing for all the w/c ratios.  Extended curing period beyond 7-days was 
also found to be beneficial in controlling the shrinkage cracking of LWAC with low w/c ratio.    
The effect of soaking condition of LWA on shrinkage cracking of LWAC cured for 7-
days is shown in Figs. 5.38c and 5.38d.  For a given w/c ratio, it can be seen that the rate of 
stress development was found to decrease with increase in soaking condition of the LWA.  
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However, this was more significant in concrete with low w/c ratio than with high w/c ratio.  
The results indicate that the age of cracking increases with increase in aggregate soaking 
period.  The age of cracking was also found to be significant in concretes with low w/c ratio 
with increased soaking period, similar to the effect of increase in age of curing.  This may be 
due to that for a given curing period the presence of higher amounts of water in LWA pores 
with 24 hour soaking of LWA might provide water to further hydrate the cement in low w/c 
ratio concrete resulting in improved micro-structure compared to concrete with high w/c ratio 
where the water available in the matrix itself is enough for complete hydration.  From the above 
it can be understood that for a give type of aggregate the potential risk of cracking can be 
controlled with increase in soaking periods of LWA.  However, significant improvements may 
be possible in concretes with low w/c ratio.   
5.3.5  Parameters influencing the potential for shrinkage cracking of LWCs 
 According to the tensile strength criterion, cracking of concrete occurs when the stress 
after creep relaxation developed in response to restrained shrinkage exceeds the tensile strength 
of the concrete.  If the stress after creep relaxation is all the time lower than the tensile strength 
of concrete, cracking will not occur.  However, this depends on a combination of several 
factors which include rate and amount of shrinkage, creep of concrete, modulus of elasticity 
and tensile strength of concrete for a given geometry and boundary conditions.  From equation 
5.1 to 5.6, it can be noticed that for a given shrinkage, creep and geometry, the stresses in 
concrete increases with increase in the modulus of elasticity.  Similarly the increased shrinkage 
of concrete while other parameters are constant also increases the stresses.  Therefore, the 
concrete with higher modulus of elasticity combined with higher shrinkage may be more 
susceptible to shrinkage cracking due to higher stress developments.   
This can be verified from the shrinkage cracking results of FCA (Figs. 5.12 and 5.13).  
Although the volumes of aggregate (sand and LWA) incorporated was the same in the FC with 
30 and 45% air content and the splitting tensile strengths of FC with sand was higher due to the 
Chapter 5: Shrinkage cracking behaviour of LWCs 
 212
higher modulus of elasticity and higher shrinkage rate, FC with sand cracked in less than 10 
days compared to FC with LWA which cracked at 58 days.  The addition of LWA to FC 
resulted in less variation of modulus of elasticity of concrete and lower shrinkage rates (Fig. 
4.10).  Similar kind of behaviour was also observed in LWAC with the variation of aggregate 
volume (Fig. 5.20), where the concrete with lower volumes of LWA exhibited higher rate and 
amount of shrinkage and higher modulus of elasticity resulting in early cracking.  It can also be 
deduced from the above that higher strength concrete does not always have higher resistance to 
cracking.  This can be verified from the study reported by Grzybowski and Shah (1990) on 
early age of shrinkage cracking (immediately after 1 day of casting) behaviour of high strength 
NWC.  They reported an early cracking in NWC with low w/c ratio than that of NWC with 
high w/c ratio.  It can be interpreted that the early cracking in the former was due to higher rate 
and amount of autogenous shrinkage and higher modulus of elasticity than the latter due to the 
lack of curing. However, from the present study concretes cured for 7 days showed lower 
potential risk of shrinkage cracking with low w/c ratios than with high w/c ratio due to the 
lower rate and amount of shrinkage and creep.  From this it can be concluded that shrinkage 
rate coupled with creep and modulus of elasticity are very crucial parameters which influences 
cracking behaviour of concretes considerably for a given geometry.    
 The shrinkage cracking potential of concrete can be controlled with the use of stronger 
aggregates in concrete to lower rate and amount of shrinkage and creep, even though the 
modulus of elasticity of concrete will be higher.  This can be verified from Fig. 5.21.  For 
equivalent mixture proportions, the 7 day cured concretes exhibited less potential risk of 
shrinkage cracking with stronger aggregates (higher aggregate density) due to the low 
shrinkage and creep and high tensile strength.  It can be noticed that although the modulus of 
elasticity was increased with increase of aggregate density (Table 3.10), the decrease in 
shrinkage and creep resulted in (Figs. 4.14 and 4.30) almost similar stresses developments in all 
the concretes.  However due to the lower strength of LWAC with low density aggregate, 
cracking occurred earlier than concrete with stronger aggregates.   
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 By lowering the amount and rate of shrinkage (and creep is assumed to have same 
impact) of a given concrete also helps to control the potential risk of shrinkage cracking.  It can 
be seen from the Fig. 5.39 (a) that for a given concrete, if the amount of shrinkage strain is 
reduced, the residual tensile stress in concrete ring (stress after creep relaxation) that develops 
is also reduced.  By scaling the stress level proportionally, it is more likely that the residual 
stress level may remain below the cracking resistance and the potential risk of shrinkage 
cracking may be reduced.  On the other hand, if the rate of shrinkage is reduced (Fig. 5.39 (b)) 
the potential risk of cracking is reduced due to that the residual stress level is relatively lower 
than the tensile strength.  The two approaches given in Fig. 5.40 can be verified with the results 
of effect of mineral admixtures, curing age and soaking condition of the aggregate (Figs. 5.37 
and 5.38).  It can be observed that for the above parameters, the variation of splitting tensile 
strength and modulus of elasticity were minimal (Table 3.10).  However, due to the 
considerable decrease in the rate and amount of shrinkage in these concretes (Figs. 4.18 and 
4.19) lower potential risk of shrinkage cracking was found.  It was also found that concrete 
with low w/c ratio shows lower rate and amount of shrinkage than the concrete with high w/c 
ratio resulting in lower potential risk of cracking in the former than the latter.  Furthermore, the 
relationship between the shrinkage rate and age of cracking observed from both the 
experimental and theoretical analysis for the FCA and LWAC in Fig. 5.40 shows a very good 
correlation, which indicates that the control of shrinkage rate may be very important for 
controlling the potential risk of shrinkage cracking of LWC.  To prolong the age of cracking 
considerably for the LWC with and without aggregate it is essential to bring down the 
shrinkage rates of lower than 10 µε /day. 
 Furthermore, the increase of toughness (fracture resistance) property of concrete 
without influencing much of modulus of elasticity and deformation properties was also found to 
be significant in controlling the shrinkage cracking of concrete.  This can be verified from the 
shrinkage cracking behaviour of fiber reinforced LWCs (Figs. 5.32 to 5.36).  The incorporation 
of fiber in LWC have less effect on modulus of elasticity (Table 3.10) and deformational 
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properties (Fig. 4.20).  However fibers offered good resistance to fracture (Figs. 3.21 and 3.22) 
due to the crack bridging effect of the fibers and the ability of the fibers in arresting small 
cracks thereby delaying cracking and fibers are also found to be effective in reducing crack 
widths substantially.  The higher fracture toughness of NWC could also be a reason for the 
lower potential risk of shrinkage cracking than the LWAC, due to the aggregate bridging effect 
of stronger NWA against the cracking.   
5.4  Summary 
From the restrained shrinkage tests conducted on different concretes it was found that 
the potential cracking risk of FC can be controlled or lowered by incorporating the aggregates 
(sand and LWA) of different volumes to it.  With increase of aggregate volumes in FC, 
prolonged age of cracking and higher stresses at cracking was observed.  Similarly, in the case 
of LWAC it was found that the age of cracking can be extended considerably by the use of 
higher density and volumes of aggregate.  It was also found that the potential cracking risk of 
LWAC can be controlled with the use of low w/c ratios.  These observations were verified 
though theoretical analysis.  Tensile strength criterion was adopted for the theoretical analysis.   
The parameters such as free shrinkage, creep coefficient, modulus of elasticity and 
splitting tensile strength information was used for the restrained shrinkage analysis for a given 
geometry.  The trends of experimental results were found to be in good agreement with the 
theoretical analysis for LWC.  However, from the comparison of both the analysis for age of 
cracking, it was found that the tensile strength criterion over predict the age of cracking by 
about 25%.  For equivalent mixture proportions, NWC exhibited lower potential risk of 
shrinkage cracking than LWAC followed by FC and FCA.  The rate of shrinkage was found to 
be an important parameter in controlling the shrinkage cracking of concrete.  Lower shrinkage 
rates are better in extending or mitigating the age of cracking.   
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Though the effect of fibers on modulus of elasticity and deformational properties of 
concrete was not significant, these were found to be useful in controlling shrinkage cracking by 
extending the age of cracking and controlling crack widths substantially.  For a give type of 
fiber, higher percent were found to be better.  FC with polypropylene fiber exhibited equal or 
better performance than LWAC in extending the age of cracking.  The potential risk of 
shrinkage cracking can be lowered by partially replacing OPC with mineral admixtures. The 
curing at early age which extends the age of cracking considerably was found to be important 
in controlling the shrinkage cracking.  The curing beyond 7 days was found to be significant in 
concrete with low w/c ratio but not with high w/c ratio.  The increased soaking period of LWA 
was also found to be effective in mitigating the shrinkage cracking in concrete with low w/c 
ratio.   
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Total Crack width (mm) Average 
total crack 
width 
(mm) @ 1 @ 2 @ 3 
Foamed concrete@ 
FC30-0 1 1.00 0.61 2.62 2.10 1.62 2.11 
FC30-pp0.2 2 1.97 1.17 1.84 1.62 1.32 1.59 
FC30-pp0.5 2 2.62 1.30 1.32 1.10 0.90 1.11 
FC30-pp1.0 2 3.62 1.85 0.90 0.70 0.42 0.67 
FC30-pp2.0 3 8.50 2.24 0.62 0.46 0.40 0.49 
Lightweight aggregate concrete# 
L9C0 1 31.28 3.73 0.72 0.60 0.50 0.61 
L9Cpp0.1 1 34.65 3.96 0.62 0.50 0.44 0.52 
L9Cpp0.3 1 48.28 4.44 0.42 0.37 0.30 0.36 
L9Cpp0.5 1 61.28 3.99 0.28 0.24 0.18 0.23 
L9Cpp1.0 1 74.25 3.76 0.09 0.078 0.05 0.07 
L9Cppl0.5 1 59.75 3.80 0.36 0.30 0.24 0.30 
L9Cgf0.5 1 65.50 3.77 0.40 0.31 0.28 0.33 
L9Csf0.5 1 61.15 4.08 0.08 0.07 0.06 0.07 
@
 Crack widths were measured at 75 days after cracking 
#
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Fig. 5.5  The typical variations of (a) strain in steel ring, (b) interface pressure  










Fig. 5.6  Effect of air content on strain in steel ring, stress development in concrete  













0 10 20 30 40 50 60 70

































0 10 20 30 40 50 60 70




































0 2 4 6 8 10

































0 2 4 6 8 10




































0 2 4 6 8 10

































0 2 4 6 8 10





























Fig. 5.7  Effect of sand volume on strain in steel ring, stress development in concrete  




Fig. 5.8  Effect of sand volume on strain in steel ring, stress development in concrete  



















Fig. 5.9  Effect of LWA volume on strain in steel ring, stress development in concrete  
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Fig. 5.10  Effect of LWA volume on strain in steel ring, stress development in concrete  















Fig. 5.11  Effect of sand and LWA volume on age of cracking for the FC 













Fig. 5.12  Effect of sand and LWA volume on stress at cracking for the FC 
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Fig. 5.14  Restrained shrinkage cracking results (actual stress in concrete ring  
   vs age of    drying) for LWAC: (a) Effect of aggregate volume;  
   (b) Aggregate type/density for av-0.20; (c) Aggregate type/density  
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Fig. 5.14  Restrained shrinkage cracking results (actual stress in concrete ring vs age of  
   drying) for LWAC: (a) Effect of aggregate volume; (b) Aggregate  
   type/density for av-0.20; (c) Aggregate type/density for av-0.40; and  
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   Fig. 5.15  Effect of aggregate volume on (a) Age of cracking; (b) Stress in concrete @  
       cracking; and (c) Shrinkage rate @ cracking of concrete with different aggregate  
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Fig. 5.17  Relationship between shrinkage rate at cracking and age of cracking:  
   Comparion of FC, FCA and LWAC 
NWC-av-0.20 
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Fig. 5.18  Influence of strength, shrinkage and creep on shrinkage cracking  


































Fig. 5.19  Effect of LWA volume on restrained shrinkage cracking of FC with  
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Fig. 5.23  Comparison of experimental and predicted (a) age of cracking; (b) actual stress and stress  
    after creep relaxation at cracking for the FC and FC with LWA  
Fig. 5.24  Comparison of experimental and predicted (a) age of cracking; (b) actual stress and stress 
   after creep relaxation at cracking for the FC and FC with sand 
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          Fig. 5.26  Comparison of experimental and predicted (a) age of cracking; (b) actual stress  




          Fig. 5.27  Comparison of experimental and predicted (a) age of cracking; (b) actual stress 




          Fig. 5.28  Comparison of experimental and predicted (a) age of cracking; (b) actual stress  
and stress after creep relaxation at cracking for the effect of w/c ratio 
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Fig. 5.29  Comparison of experimental and predicted age of cracking for LWCs  
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Fig. 5.31  Comparison of experimental and predicted stress at cracking for 


























Fig. 5.32  Correlation between the splitting tensile strength and actual tensile  
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Fig. 5.33  Effect of polypropylene fiber percent on stress and age of cracking of foamed 















































Fig. 5.34  Effect of (a) fiber percent and (b) fiber type on stress and age of cracking of LWAC 
 









































Fig. 5.35  Effect of fiber percent and fiber type on age of cracking of different concretes 




























Fig. 5.36  Effect of fiber percent and fiber type on crack widths of different concretes  
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  Fig. 5.37  Effect of mineral admixtures on restrained shrinkage cracking of LWAC (L9 LWA)  
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Fig. 5.38  Effect of curing age and soaking condition on restrained shrinkage cracking of  
   LWAC with 0.30 and 0.56 w/c ratios (L9 LWA) 
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Fig. 5.39  Schematic diagram for controlling the potential risk of shrinkage cracking by  































Fig. 5.40  Relationship between shrinkage rate at cracking and age of cracking:  
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1  Review of the investigation 
 The study reported in this thesis addresses, both experimentally and theoretically, the 
role of constituent materials of lightweight concrete (LWC) with and without aggregate 
(foamed concrete without aggregate - FC, foamed concrete with aggregate - FCA, lightweight 
aggregate concrete - LWAC) on mechanical and deformational property, and shrinkage 
cracking behaviour.  Two general categories of parameters were considered in the study; one 
related to fillers such as air content, aggregate volume, aggregate type/density, size and soaking 
of aggregate and the other related to mix design such as w/c ratios, fibers, fiber volume, and 
mineral admixtures.  The present investigation was divided into three parts according to the 
objectives of the study.   
The first part of the work focused on understanding the role of the constituents on 
mechanical properties.  Particular emphasis was given to the study, through experimental and 
numerical analysis, the effect of w/c ratio on air-void system of FC and their effect on 
mechanical properties.  The effects of filler volume, filler type and fiber on various mechanical 
properties of FC and FCA in comparison with LWAC and NWC were investigated.  The 
important findings from this part of the study are as follows.   
1. The coalescence of air-voids in FC was significant for air contents higher than 40%.   
2. From both the experimental and numerical studies,  
a. Air-void system with a spacing factor, air-void size and air content of 0.05 mm, 
0.15 mm and 40%, respectively, were found to be optimal at which high strength to 
weight ratio can be achieved.   
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b. The inclusion of air bubbles in foamed concrete had greater effect on compressive 
strength than on the modulus of elasticity.   
3. The relationships between compressive strength (fcu) and air content (A) of FC for higher 
air contents (2 to 71%) in relation to paste strength (fcu,p), and compressive strength (fcu) and 
modulus of elasticity (E) of FC in relation to density (ρ) were found to be respectively as  
      ( ) 793.2
,
1048.1 Aff pcucu −=  and 2/32/1 )0532.00242.0( ρ+= cufE  
4. For FC of different densities, and LWAC with the different type of LWA studied, the ratio 
of cube to cylinder compressive strength was established as 1.06 and 1.07, respectively.   
5. The toughness performance of polypropylene fiber in FC was found to be as good as that in 
LWAC.  Fracture toughness of all the concretes correlated well with the flexural strength 
and the empirical relationships were found to be as   
859.0408.7 r
s
ic fK =  -- NWC;      971.0255.4 rsic fK =  -- LWAC;      831.0715.2 rsic fK =  -- FC 
6. The relationship between compressive strength and splitting tensile strength of LWAC, and 
compressive strength and flexural tensile strength of FC and LWAC were found to be as   
       
69.0
'28.0 cct ff =  -- LWAC;        
83.0
'31.0 cr ff = -- FC.;         
613.0
'53.0 cr ff = -- LWAC 
7. The modulus of elasticity of different LWA was found to be 60 to 90% lower than the 
modulus of elasticity of NWA.  The modulus of elasticity of FC was 20 to 50% lower than 
that of LWAC for strength ranges of 10 to 60 MPa.  The ultimate strains of FC at peak 
stress varied from 1.89 to 3.47 mm/m.   
The second part of the work focused on understanding the role of the constituents on 
deformational properties such as drying shrinkage and creep of concrete.  The influence of the 
constituent materials and modulus of elasticity in controlling the shrinkage and creep, and the 
relative shrinkage and creep of LWA in comparison with NWA were also investigated.  The 
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shrinkage and creep prediction models proposed in the literature were checked against different 
FC and FCA, LWAC and NWC and their relative accuracies were discussed. The important 
findings from this part of the study are as follows.    
1. For equivalent mixture proportions but with different filler types (NWA, LWA, air), 
autogenous shrinkage of FC was significantly (75%) higher than that of a NWC and no 
autogenous shrinkage was noticed in LWAC.     
2. The amount and rate of drying shrinkage of FC increased with an increase in air content.  
FC yielded higher drying shrinkage than FCA at the same air content.  LWA was found to 
be more effective than sand in controlling both the autogenous shrinkage and drying 
shrinkage of FC.    
3. The relative drying shrinkage and specific creep values for L9 to L5, pumice and EPS 
aggregates were 16 to 60%, 100% and 150%, and 17 to 52%, 140% and 260% higher than 
NWA, respectively.   
4. The relationship between the drying shrinkage at 90 days (short term) and 1 year (long 
term) for all the concretes was found to be 
Sc-1year = 1.025 Sc-90 day + 152 
5. The creep of FC and FCA increases significantly with an increase in air content.  Creep of 
FC can be controlled (25 to 60%) with the addition of sand and LWA.   
6. The SAK and ACI 209 models are reasonably accurate for predicting the drying shrinkage 
and specific creep of LWAC with LECA.  For FC with sand, GL2000 and ACI 209 models, 
while for FC with LWA, SAK and CEB MC90 models were better.  However, all the 
models were less accurate for FC without aggregate.   
Finally, shrinkage cracking behaviour of LWC was evaluated through experimental and 
theoretical analysis.  The restrained ring test was adopted to evaluate the cracking potential of 
LWC.  The shrinkage cracking behaviour of FC with and without aggregates in comparison 
with LWAC and NWC was evaluated.  The implications on the selection of the constituent 
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materials and their influence on potential risk of shrinkage cracking, and its effect on the 
control or mitigation of shrinkage cracking of LWC for a given geometry were discussed.  The 
important findings from this part of the study are as follows.    
1. The shrinkage cracking potential is higher when air content in FC was higher.  The 
shrinkage cracking potential of FC can be controlled with the addition of aggregate and the 
effect was better with LWA than sand.   
2. For the same mixture proportion but different filler type, the shrinkage cracking potential of 
NWC was lower than that of LWC with and without aggregate.   
3. The tensile strain at cracking of LWAC (~213 µε) was twice that of NWC (~100 µε) and it 
was independent of the age of cracking.  The shrinkage cracking potential of FC and FCA 
was higher than both LWAC and NWC.   
4. The strong power relationship between age of cracking (Tcrack) and shrinkage rate (Srate) at 
cracking for FC, FCA and LWAC indicates that the resistance against cracking can be 
significantly improved by slowing down the rate at which drying occurs.  
5. For FC and FCA, and LWAC, shrinkage rates of lower than 20 and 5 µε per day can be 
suggested, respectively, in order to extend the age of cracking significantly.   
6. For the adopted geometry, the stress level in the concrete ring at which cracking occurs was 
about 92 and 88% of splitting tensile strength for the LWAC and FCA, respectively.   
7. The theoretical estimations through the tensile strength approach were found to deviate 
from experimental results by about 25% in the case of age of cracking and stress at 
cracking for LWAC.  The deviations were even higher for FC and FCA.   
6.2  Conclusions 
 Within the scope of the investigation reported herein on mechanical and deformational 
properties, and shrinkage cracking behaviour of LWC with and without aggregate, the 
following conclusion can be made:  
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1. FC can be produced for wide range of compressive strengths ranging from 1.5 to 70 MPa 
with 0.50 to 0.22 w/c ratio for the corresponding fresh densities of 550 to 2000 kg/m3, 
suitable for both non-structural and structural applications with the air contents of about 
higher and lower than 40%, respectively.  However, the use of FC in structural applications 
is not advisable without the inclusion of fibers and aggregates due to its higher 
deformational behaviour and shrinkage cracking potential, even though tensile strength and 
toughness properties of FC and FCA are comparable with LWAC and NWC for a given 
compressive strength level.   
2. With the LWA (pumice and LECA) available in South East Asia, LWAC with wide range 
of compressive strengths ranging from 15 to 60 MPa without the use of silica fume and 
with the use of natural sand can be produced for the corresponding fresh densities of 1400 
to 2000 kg/m3. The LWA of LECA 900 to 700 can be suggested for high strength LWAC 
(≥ 40 MPa) applications.  However, it should be noted that the shrinkage and creep of 
LWAC with LECA 900 to 700 were about 15 to 40% higher than the NWC, respectively.   
3. The drying shrinkage and specific creep coefficients for L9, L8, L7, L6, L5, Pum. and EPS 
LWA were correspondingly 1.16, 1.27, 1.45, 1.53, 1.61, 2.0 and 2.48, and 1.17, 1.26, 1.37, 
1.46, 1.52, 3.63 and 2.41, and can be used in design considerations with respect to NWC.   
4. For a given shrinkage, creep and geometry, the stresses in concrete increases with increase 
in the modulus of elasticity of concrete. Similarly the increase in shrinkage (rate and 
amount) of concrete with other parameters remaining constant also increases the stresses.  
Therefore, the concrete with lower modulus of elasticity combined with lower shrinkage 
was less susceptible to shrinkage cracking.  To achieve this,  
a. Use of LWA instead of sand and higher volumes of LWA in FC and LWAC can be 
suggested.  
b. Fibers were found to be effective in improving the tensile strength, toughness and 
shrinkage cracking resistance of both FC and LWAC but not much influence on 
modulus of elasticity and deformational properties.   
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c. Use of low w/c ratios, mineral admixtures and minimum 7 days of moist curing 
were found to effective in controlling shrinkage rate and amount, creep and 
shrinkage cracking potential of LWAC. 
5. LWA in FC is found to be effective in controlling autogenous and drying shrinkage, creep 
and shrinkage cracking potential without compromising much of its mechanical properties 
in comparison with FC.  
6. From the above results, it can be understood that concrete with higher strength are not 
always favourable in offering resistance against shrinkage cracking, due to their higher 
modulus of elasticity, unless the shrinkage and creep properties are controlled to bring 
down the stress levels in concrete.  Since stress levels in the concrete for a given geometry 
is influenced by the i) modulus of elasticity, and ii) combined shrinkage and creep 
properties, it is therefore necessary to control both the properties or at least one of these to 
maintain the stress levels lower than the tensile strength of concrete.   
6.3  Recommendations for further research 
 The change of air-void system in FC and its effect on mechanical properties was found 
to be significant.  It is recommended that further studies be carried out towards understanding 
the influence of aggregate on air-void system of FC.  In this study drying shrinkage behaviour 
was studied as it was the main focus to understand the shrinkage cracking behaviour and little 
attention was given to autogenous shrinkage.  Hence it is felt that significant studies may be 
needed to understand the autogenous shrinkage and the early age shrinkage cracking behaviour 
of FC with and without aggregate.  The shrinkage cracking results based on the tensile strength 
criterion adopted in this study over-estimated the actual age of cracking.  A more accurate 
estimation of tensile strength and improved creep relaxation model is needed to further 
understand shrinkage cracking behaviour of LWC for accurate prediction of age cracking and 
also to understand the influence and initiation of micro-cracking though experimental and 
modelling approaches.   
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 ANNEX 1 
 







=                        (1) 



















0α                       (3) 
and S, a0, HO, b and t are defined in Figs 3.4 and 3.5. 
 
According to the RILEM method of Jenq and Shah, the effective-elastic critical crack length ac 
could be defined in such a way that it caused an unloading compliance Cu within 95% of the 








=                       (4) 
where the geometric function g2(αc) was similar to the one given in Equation 2, except that α0 





=α                       (5) 













=                       (6) 
which was solved iteratively.  
LSWW hh /0=                       (7) 
where Wh0 was the self-weight of the beam. 
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where Pc was the maximum load. 
 




















0 =β                      (11) 
The geometric function g2(ac / b) was based on Equation 2, but α0 was replaced by ac / b. 
 
In this research, equations 1 to 11 were keyed into Microsoft Excel spreadsheets. The 












Modulus of elasticity models for composite materials 
S.No Author (s) Modulus of elasticity model Remarks  
1 Chen et al. (2003) Ea = 6.3 Ec – 5.1 Em – 9.1 VaEc + 8.7 VaEm 





respectively.   
 





respectively.   
2 Balendran (1994) Ec = Ea
Va
 Em(1-Va) 






































5 Voigt Model (1889) aammc VEVEE +=  
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ANNEX 3  
 
SHRINKAGE AND CREEP MODELS 
 
ACI 209R-92 (2002) 





   )(043.0 '2/3 tfE ccmto γ=  












' )(   t is the age of concrete in days 














In the absence of specific creep and shrinkage data for local aggregates and conditions, the 
average values suggested for νu and are:  
   νu = 2.35 γc  
   (εsh)u = 780 γsh x 10-6 in/in (m/m) 
γc and γsh are the product of applicable correction factors 
Correction factors: 
1. Loading age:  Creep, γla = 1.25(tla)-0.118 
2. Ambient RH:  Creep, γRH = 1.27-0.0067 RH   for RH > 40 
   Shrinkage, γRH = 1.40 - 0.010 RH   for 40 ≤ RH ≤ 80 
       3.00 – 0.030 RH for 80 > RH ≤ 100 
3 Average thickness: Creep, γh = 1.14 – 0.00092 h  during 1st year after loading 
 of member                        1.10 – 0.00067 h  for ultimate values 
Shrinkage, γh     = 1.23 – 0.00015 h  during 1st year after loading 
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        1.17 – 0.00114 h   for ultimate values 
 Volume-surface ratio method 
   Creep, γvs  = 2/3[1-1.13 e(-0.0213 v/s)] 
   Shrinkage  γvs   = 1.2 e(-0.00472 v/s) 
4 Concrete composition: 
Fine aggregate %,  Creep, γψ = 0.88 + 0.0024 ψ 
  Shrinkage, γψ    = 0.30 + 0.014 ψ ψ ≤ 50% 
  Shrinkage, γψ    = 0.90 + 0.002 ψ ψ > 50% 
Slump  Creep, γs = 0.82 + 0.067s 
  Shrinkage     γs = 0.89 + 0.041s 
Cement Shrinkage, γc = 0.75 + 0.00061c 
Air content (∝ - %)      Creep, γ∝ = 0.46 + 0.09∝ but not less than 1.0 
       Shrinkage, γ∝     = 0.95 + 0.008∝ 
 
GL 2000 (2001) 
Modulus of elasticity 
cmtcmt fE 43003500 +=  MPa 
Ecmt = mean modulus of elasticity at age t 
fcmt = mean concrete strength at age t  







for Type I cement concrete a = 2.8 and b = 0.77  
      Type II cement concrete a = 3.4 and b = 0.72 
      Type III cement concrete a = 1.0 and b = 0.92 
fcm28 = mean concrete strength at 28 days   
fcm28 = 1.1 fck28 + 700  psi  fck28 – Psi 
fcm28 = 1.1 fck28 + 5  MPa  fck28 – MPa 
fck28 = 28 day characteristic, or specified, concrete strength,  
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Shrinkage  
  )()( thshush ββεε =  













shu fKε  


















 h  =  humidity expressed as a decimal 
 t  =  age of concrete, days 
 tc  =  age of drying commenced, end of moist curing, days 
 K =  1 Type I cement 0.7 Type II cement 
1.15 Type III cement 
 V/S = volume surface ratio, mm 
 fcm28  = concrete mean compressive strength at 28 days, MPa 
 
Creep 





 Ecm28 – E at 28 days; 28φ – creep coefficient  
28φ  = 




































































































ttJ 1),(  specific creep 
 Ecmto = modulus of elasticity at time of loading 
 fcmto = compressive strength when loading commenced, MPa 
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CEB 90 model code (with Muller modifications) 
Strain due to shrinkage/swelling  ( ) ( )sscsoscs tttt −= βεε ,  
Shrinkage   ( ) RHcmscso f βεε 28=  

















ff βε   
 
scβ  = coefficient depending on type of cement  
  4 for slow hardening cement  
  5 for normal and rapid hardening cement 
  8 for rapid hardening high strength cement 
RHβ  = -1.55 sRHβ  for 40% ≤ RH < 99% 











sRHβ   




















ss ββ  sHβ  = 350 (h/ho)
2 
t  = age of concrete in days 
ts  = age of concrete at the beginning of shrinkage, days 
fcm  = mean compressive strength of concrete (MPa) 
RH  = mean RH of ambient atmosphere (%) 
fcmo  = 10 MPa 
RHo = 100% 
t-ts  = duration of drying or swelling, days 
h = 2Ac/u  (Ac = c/s area of structural member in mm2; u = 
perimeter of structural member mm) 
ho  = 100 mm 
t1  = 1 day 
Effect of elevated temperature T on shrinkage 
 
( )[ ]20/06.0 −−
=
oTT
sHsHT eββ  temperature dependent coefficient replacing sHβ  























β          T  - const. temp; To = 1oC; RHo = 100% 
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Creep  
( ) ( ) ( )occocioc ttttt ,, εεε σ +=  






























σε σ  















fcm28 = mean compressive strength of 150x300 mm cylinder at 28 days stored at 
20oC±2.   
Eco = 21500 MPa 
fcmo = 10 MPa 
 












cc eEtE  
s = coefficient depends on type of cement  
0.2 Rapid hardening high strength cement 
 0.25 Normal or rapid hardening cement 
 0.38 slow hardening cement 
t = age of concrete in days 











TETE 003.006.1  
EC(T) = modulus of elasticity at the temperature T 
EC = Modulus of elasticity at T = 20oC 
T  = Temperature of concrete  
To = 1oC 
( ) ( ) ( ) ( )ococmo tttfRHtt −= βββφφ 28,   Creep coefficient  





















( ) ( ) 5.02828 /
3.5
cmocm
cm fff =β  





































































oo  0.5 days 
to,T = age of concrete at loading in days  
t1,T = 1 day 
∝ = -1 for slow setting cement 
    0 for normal or rapid hardening cement 
    1 for rapid hardening high strength cement  
[ ] 2.11, TRHTTRH φφφφ −+=  
( )[ ]20/015.0 −
=
oTTeTφ  
TRH ,φ  = temperature dependent coefficient which replaces RHφ  
T   = temperature while concrete is under load 
T   = 1oC 






























































( )[ ]We cf 25.01510 ' 28007.04 += −η  
( )osh tt,ε  Drying shrinkage strain (µ) 
t, to  current age and age at drying (days) when to > 98 days, to = 98.  
fc28’  compressive strength at 28 days (MPa) < 120 MPa 
h  RH at atmosphere   (0.4 < h < 0.9) 
W  unit water content   (130 < W < 230 kg/m3) 
V/S  volume surface ratio  (100 < V/S < 1000 mm) 
∝  the factor to account the cement type (for Japanese data, ∝ = 11 to normal 
cement and ∝ = 15 to rapid hardening cement; for RILEM data, ∝ = 10 to normal OPC and ∝ = 
8 to slow hardening cement) 
Creep  













( )', ttCr  specific creep (µ/MPa); 
t’   first application of load (days) 
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B3 model  
Shrinkage   ( ) ( )tSktt hshosh ∞−= εε ,  














 kh  1-h3  for h ≤ 0.98 
 τsh kt(ksD)2 
 D 2V/S  effective c/s thickness  
 ks shape factor  1.25 for an infinite square prism  
1.0 can be assumed for simplified analysis 
 












for simplified analysis one can assume 
∞shε  = ∞sε .  The typical values ∞shε  according to the 
above equation range from 300 to 1100 x 10-6.   
   ( )[ ]27026 28.0'1.221 += −∞ cs fwααε  (in 10-6) 
   
'08.08.190 cot ftk −=   days/in2 
   α1 1.0 for type I cement 
    0.85  for type II cement  
    1.1 for type III cement 
   α2 1.0  for specimens cured in water or at 100% RH 
 
Creep  



















  m = 0.5, n = 0.1 
   q1 = 0.6 x 106/E28 
   
E28 = 57000(fc’)1/2 
 
   q2 = 451.1c0.5(fc’)-0.9 
   q3 = 0.29(w/c)4 q2 
   q4 = 0.14(a/c)-0.7 
Drying creep ( ) [ ] 2/1)'(8)(85,', tHtHod eeqtttC −− −=   for t’ ≥ to 
   H(t) = 1 – (1 – h) S(t);   Q5 = 7.57 x 105 fc’-1εsh∞-0.6 
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